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Identification of misaligned additive 
forces and moments of coupling 

in turbo-generator system integrated 
with an active magnetic bearing 


R. Siva Srinivas1, Rajiv Tiwari1*, Ch. Kanna Babux?2 


‘Department of Mechanical Engineering, Indian Institute of Technology Guwahati, 
Guwahati, Indiax 

?Aero Engine Research and Design Centre, Hindustan Aeronautics Limited, Bangalore, 
India 


ABSTRACT 


Turbo generators run up to multiple stages and are interconnected by couplings.In the 
present paper, additive coupling stiffness (ACS), which is time varying in nature, is 
used to model the misalignment that exists between bearing centers of two rotor sys- 
tems integrated with an active magnetic bearing (AMB). While the static stiffness of 
coupling is ever present, ACS exists only in the presence of misalignment. Presence of 
misalignment in/about a direction generates harmonics of additive forces and 
moments in the corresponding direction. These are identified from a linear least- 
squares problem using amplitude and phase of harmonics from full spectrum of rotor 
vibration and AMB current. 


1 INTRODUCTION 


Misalignment is one of the common faults encountered in rotating machinery. Various 
symptoms of the fault are loops in orbits [1, 2], high second order vibration [3], high 
axial vibration (4) and multiple harmonics in full spectrum [4]. Unconventional tech- 
niques such as thermal imaging [5], acoustic emission [6], and wavelet transforms [7] 
too have been used for detection. In the presence of misalignment, there is a time- 
varying stiffness component of coupling in addition to its static stiffness [8]. When it 
comes to measurement techniques, the effect of misalignment can be directly measured 
by measuring forces/moments using load cells/torque sensors [4] and measuring orbital 
motion with proximity probes [3]. The expressions for forces and moments generated 
due to parallel and/or angular misalignment have been given by various authors [9, 10]. 
A few authors have estimated the forces and moments in misaligned rigid and flexible 
coupled rotors with inverse problem [11].Inverse problem fundamentally has to do with 
identifying the various unknown parameters (so called difficult to theoretically model) 
and faults of rotor system in question from known test vibration data. Vibration data is 
acquired from locations, which are readily accessible and DOFs which are practically 
measurable. When the identifiable parameters/faults are linked to rotational DOFs (for 
example, the rotational additive stiffness of a crack, angular stiffness of a coupling) the 
corresponding DOFs cannot be grouped as slaves in dynamic condensation. At the same 
time, it would be difficult to measure them practically. Though today there are instru- 
ments that measure vibration of rotational DOFs (i.e., the slope of shaft), measurement 
of translational vibration is still more widely used in data acquisition owing to its 


* Corresponding author: wydeek@gmail.com?, rtiwari@iitg.ac.in7, 
chkannababu@gmail.com? 


simplicity. Hence, modifying the mathematical model in terms of translational DOFs 
becomes imperative. This is achieved by performing the next level of reduction, which is 
called hybrid/high-frequency condensation. 


AMBs are widely used for levitating industrial rotors, suppression of vibrations (synchron- 
ous, asynchronous, and seismic) and identification of cracks, faults in pumps and bear- 
ings [12]. Feasibility studies were performed on integrating AMB that runs on PID control 
law with seven stage turbo generator [13]. Some authors have used AMBs as auxiliary 
supports which perform the dual role of suppressing vibration and identifying faults [14]. 


The present paper attempts to identify the time-varying component of coupling stiff- 
ness in the presence of misalignment from an inverse problem, which uses rotor 
vibration and AMB current data. The rotor system considered in this work is similar 
to two-stage test rig set-up used by [15] to study the vibratory behavior of coupled 
rotating shafts containing a transverse crack. An AMB is integrated with the rotor 
system for the purpose of vibration attenuation. The direct problem/mathematical 
model is first developed by finite element method using Timoshenko beam elements. 
The actual vibratory behavior of coupling in the presence of misalignment is intro- 
duced in the model by using an appropriate steering function. An identification algo- 
rithm, based on the inverse problem, is developed to identify additive stiffness 
parameters of the coupling. The uniqueness of the work lies in the (i) development of 
coupling model in the presence of misalignment and integrating with standard FE 
model and (ii) using data of the harmonics of full spectrum in inverse problem. From 
the ACS matrix one can quantify both severity and direction of misalignment. 


2 TURBO GENERATOR MATHEMATICAL MODEL 


Figure 1(a) shows the situation when the bearing centers are perfectly aligned. In 
such case there is only static coupling stiffness K, as shown in Eqn. (1). 


fe = Ke{nNo + n(t)} (1) 
Figure 1(b) shows the situation where there is misalignment between bearing centers. 


Then additive component of coupling stiffness AK,(¢)comes into play in addition to the 
static stiffnessK, as shown in Eqn.(2). 


fe = [Ke + AK.(¢)]{No + n(t)} 
= Ken +AK. (fM + AK. (tM (2) 
s _—« 


fscs facs 


K FAK stiive (t) 


static static 


Figure 1. Coupling stiffness (a) with no misalignment (b) with misalignment. 


2.1 Static stiffness force of coupling 
The static stiffness force of the coupling in rea/ form is given below [17] 


ka ky 0 o kriy 0 0 Xe 
kx ky 0 0 ee -ky 0 0 Ye 
be ae Gage. a 20 geal 

fies ~ Ken Z =ke ky 0 0 ksx koy 0 0 7 i (3) 
-kx -ky 0 0 ks ky 0 0 Yer 
0 9 Kesey 0 0 0 korg, 0 Pyes 
0 0 0 kops 0 0 0 kovos Prot 


In complex form, Eqn. (3) can be rewritten as 


Kx { (ue H Uc) (uc+1 H lic+1)} Hay {(ue Uc) (Ue41 lic+1)} 
+j [iux{ (Ue F ic) = (Wet T üc+1)} iby { (uc tic) (Uc41 fie+1)}] 
; (pe T Pe) = koyo (Ge+1 Peri) H korps (pe Pe) korps (Gert z Pest) (4) 
a Kee{ (West + esi) — (Ue + He) } — jhey{(Wer1 — Hie+1) — (We — te) } 
+j [kyr {(uce+1 + Uepi) — (Ue + He) } — jkyy{(uc+1 — Her) — Ue — te) }] 
ky, (Pe + Pe) + ky, (peri F Per) + korps (Gert = Pe+1) — kyo. (Po — Pe) 


If cross coupled coupling coefficients are not considered then kxy = kyx =0. For 
a symmetric coupling kxx = kyy = Krag, andky,, = Koy = Ky,.g.The final form of static 
coupling force is then given by 


Pyy 


krad 0 Krad 0 Uc 
E 0 kang 0 —kang Pe 
foes = e 0 krad 0 Uc+1 œ 


0 —kang 0 kang Pe+1 


2.2 Additive stiffness force of coupling 
Additive stiffness force of coupling facsin Eqn. (2) can be expanded as 


facs = AK, (t) (Noe F neet”) (6) 
Due to the very large weight of turbo generators going up to few tens of tones and 
comparatively negligible weight of the coupling, it can be assumed that vibratory dis- 


placement at coupling nodes is less than static deflection due to the self-weight of 
rotor at the coupling location, i.e. 


Ne < <No, (7) 
Then 
facs ma AK. (Mo, (8) 


With 


[ Ake 0 0 O -Akg 0 0 0 
O Akm 0 0 OG Akm 0 0 
0 0 Aker, 0 0 O° Akapp 0 
0 0 Akg, 0 0 0: “Ste 
AKo (O = 8)! spe 0 0 0 Ake 0 0 0 (9) 
0 Akp 0 0 O Aky 0 0 
0 0° Akpo 0 0 O Ako 0 
| 0 0 0. Akp 0 0 As 
to, = {Oke eo Hy, Fx, Her Vert Sy Oren Y (10) 


Parallel misalignment generates time dependent additive coupling stiffness coeffi- 
cients Akr and Aky, in the rotating frame of reference. Likewise, Ake, and Ake: are 
additive coupling stiffness coefficients generated due to the angular misalignment. 
Subscript ‘c’ denotes the number of the coupling node, s(t) is the steering function, 
which simulates the multi-harmonic behavior of misalignment. 


In real rotor systems, unequal amounts of misalignment exists in x- y and z—x 
planes, and therefore the coefficients are assumed to be unequal, Akr #Ak;, and 
Akre #Akr,, which makes the total number of direct ACS coefficients four. All cross- 
coupling coefficients are ignored in this work.The matrix AK;(t) is in the rotating frame 
of reference. We convert Eqn. (9) from rotating to stationary frame of reference using 
the transformation shown in Eqn. (11) 


= TAK, (ÀT = s(t) (TAK,,,,T) (11) 


Crot 


AK, 


stat 


Where transformation matrix T is given by 


R 0 0 0 
0 R 0 0 4 coswt  sinat 

A= 0 0 R0 viR E- ad (12) 
00 0R 


Table 1. Correlation between misalignment and coupling additive stiffness 
coefficients. 


Misalignment type | Direction 


Parallel 


Angular 


Combined 


The final form of the ACS force in the complex form (from Eqns. (8), (9) and (10)) is 
given by 


(Oxe — dxe41) {Akre(1 + 2°") + Akr, (1 — 2?) } 
(Spy, — dy...) {Akre(1 + eP?) + Aken (1 — e*t) } 
(Oxe41 = Ox) {Akre(1 + eot) + Akr, (1 = aor) y 
(Pye T Spy.) {Akr(1 + et) + Akan (1 = eer) y 


fe = 0.5s(t) 


acs 


(13) 


where the steering function is assumed to be square wave with 40% duty cycle as 
given in Eqn. (14). The Fourier expansion of the wave is as follows 


a 


t) = 0.5 + 0.6055 cos(wt) + 0.1871 cos(2wt) — 0.1247 cos(3a@t) — 0.1514 cos(4at) 

+ 0.1009 cos(6at) + 0.0535 cos(7at) — 0.0468 cos(8at) — 0.0673 cos(9at) 

+ 0.055 cos(11at) + 0.0312 cos(12@t) — 0.0288 cos(13a@t) — 0.0432 cos(14%t) (14) 
+ 0.0378 cos(16ct) + 0.022 cos(17at) 


Eqn. (13) is rearranged as below by taking the steering functions(t)inside and multi- 
plying with exponential terms. 


itn bs itn Pr 
(6x — 0X41) (arr: D piel + Akry pS we) 


i=—n i=-n 


z itn N i+n 9 
(d%, = 85.41) (arx SD pie” + Akre Y qerer) 
fie (t) = 0.5 Spe D ifn M (15) 
(ôxc+1 — OXe) (arr: as piel + Akry DD we) 
er a a 
(Pya — 5%y, ) (in: SS piel + Ake Y we) 


The harmonics generated by coupling force defined by Eqn.(15) are similar to the 
experimental spectra shown in [4]. This requirement is fulfilled by the suitable steering 
function in the form of rectangular function) defined by Eqn. (14)). Presence of additive 
stiffness coefficients in a particular direction would physically represent the existence of 
misalignment in the corresponding direction. By estimating the values of 
Akrepi, Akt, qi, AKrep;, Akr,qi in Eqn. (15) the fluctuating forces/moments that arise 
due to misalignment can be estimated. As the severity of misalignment increases the 
number of harmonics in the full spectrum also increase and the index / increases like- 
wise. The misalignment in the coupling is Known to generate multiple harmonics [4, 11] 
and to mimic the same, the concept of time-varying additive stiffness coefficients of 
coupling is introduced. The product of time-varying additive stiffness coefficients of 
coupling and the static deflections at coupling nodes produces multi-harmonic coupling 
forces. This behavior is also noticed in rotors with breathing cracks [25]. 


2.3 Global EOM 
The global EOM of turbo generator system integrated with AMB is given by 


(Msn +Ma)ü + [Cy + Ce + Csh — jo(Gsnr + G,)|u + (K; +Kscs F Ks, )u +s(t)AK No, = fu + famp 
(16) 


Equation (16) is rewritten as 
Mgii + (Cy — joGg)t + Kyu = funy + fame — facs (17) 


With fu, = Mq,€q,07 te; famb = Kstampb — Kiic 


Mg = Msn + Ma; Cg = Cp + Ce + Csh; Gg = Gsh + Ga; Kg = Kp + Kscs + Ksn 


The elemental matrices in Ref. [16], which have real terms, are used in the present 
work.The nodal displacements of x-z plane are arranged in real domain and those of 
y-z plane in imaginary domain. Eqn. (17) is the global EOM of the rotor system 
expressed in terms of a// translational and rotational DOFs.The next section describes 
the procedure to reduce the number of DOFs be means of condensation technique. 


3 DYNAMIC CONDENSATION CONSIDERING GYROSCOPIC EFFECT OF 
SHAFT AND DISC 


The nodes where the external forces act on the rotor system are usually chosen as 
master DOFs. In the present case, the master DOFs correspond to the nodal locations 
of all identifiable parameters. They include the translational DOFs at the nodal loca- 
tions of bearings, discs, coupling, AMBs and rotational DOFs at coupling nodes. In 
a turbo-generator system havingn,isotropic bearings, ngdiscs, Namo AMBs and ne 
interconnecting couplings there are (Np + Ng + Namp + 4N-) master DOFs. 


E iea ta Pa 
={u} ub ubp bine WE Oh UR Yz oss ui, Up -- W ge... ui ul, } (18) 


Rest of the DOFs are grouped as slave DOFs. The transformation matrix T¢links 
master DOFs to the total DOFs, as 


né dd 
T=) yi f T (19) 
The final form of T? is given by 
mial 2 ow) L 2M \ (20) 
—[Kss — Mss — jog Gss] [K, — oM. — jGsm] 


As tabulated in Table 1, the gyroscopic matrix is considered in the derivation of trans- 
formation matrix. The EOM in terms of reduced coordinates is given by 


Miña + (C4 — joG") nf, + Kni = fh + fey — foes (21) 


unb ' 


with M? = (T1) MgT9; K? = (T4)"KgT?; C4 = (T9) gT; G4 = (T°) Gg? 
i = (T°) Ean tanp = (T°) ano; Pios = (T°) acs 


By substituting m =7me°t, the EOM in time domain are converted to frequency 
domain, as 


(-M° (io)? + j(io) (C4 — joG4) + Kael" = fh + Ein — Pes (22) 
Eqn. (22) expresses the EOM of rotor system in terms of master DOFs alone. All rota- 
tional DOFs except those at locations of couplings are grouped as slave DOFs. The 
next section describes the procedure to remove rotational DOFs at coupling location 


from the EOMs. 


4 HYBRID CONDENSATION 


Out of (Np +Na + Namb +4Nc) Master DOFs, (Np +g + Namb +2n_-) are translational 
DOFs and 2n. are rotational DOFs.Rotational DOFs{ y! %2 gre ghet1} are 
linked to the static and additive stiffness parameters of couplings Kang, be ‘and Akry- 


It would be desirable to remove these rotational DOFs owing to the difficulty of meas- 
urement in experiments. We therefore perform one more step wherein the 2ne rota- 
tional DOFs are made as hybrid slave DOFs and the rest of (N+ Na+ Na+ 2ne) 
translational DOFs are grouped as hybrid master DOFs.The coordinates 72, and n4, are 
linked by the transformation matrix as shown below 


d ni hah 
meN l c (23) 
Ns 
With 
T? = r (24) 
-K5 — oM JoGe] Km — 06Min — JG] 


The final EOM in frequency domain that utilizes data from hybrid master DOFs alone is 
given by 
amb acs 


(-M' (ie)? +jlio) (C — joG") + kK" )ael™ =f tn- (25) 


The next section describes the development of identification algorithm used for esti- 
mating the unknown system parameters. 


Table 2. Various rotor parameters and faults identified using hybrid 
condensation. 


Condensation technique 


Dynamic Hybrid 
K M K 
-NA- 


Estimated parameters 


[18] 
[19] 
[20] 


[21] Kol, [Kc]; [Co]; [Ce], [U"°], [U] 
[22] kame: kamb kamb kamb 


Sx2 ? ‘Syl ? “Sy2_? 


[23] Ur), [um], [kemb]; [kame] 

[24] Ke], [Co], [Ue], [uim] kame kamb 
Present AK], [Ke], [Ko], [U], [U7] 2? kamb 
work 


KIS|SISIST SIS] 8] 3 
KISSIN IST ST SDs 
KR Px] |œ |x |x |x lx la 


*[Ce]: Crack flexibility matrix 


5 IDENTIFICATION ALGORITHM USING LEAST-SQUARES METHOD 


Eqn. (25) can be rearranged as shown in Eqn. (26) so that all unknown identifiable 
parameters are on the left side and all known parameters are on the right side. 


fs finn fl. Kia, Kini, (26) 
(— (Mi, + Mi) (io)? + jio) (Ch + Ch, — jo(Gus + Ga)) + Kt, ) he” 
The above equation can be arranged in the form 
Ax =b (27) 


which is again written as 


(a {e m 


The vector of unknowns x comprises of unbalance eccentricity, phase, AMB stiffness con- 
stants, bearing stiffness coefficients, coupling static and additive stiffness coefficients. 
The inputs to matrix A, vector b are the real and imaginary parts of rotor vibration and 
AMB current in frequency domain. xcan be solved by linear least-squares method. 


6 RESULTS AND DISCUSSION 


The representative turbo-generator system having two coupled rotors with AMB inte- 
grated on rotor-1 is shown in Figure 2 .Rotors 1 and 2 each carry two discs and are 
supported on two isotropic ball bearings. An intermediate coupling connects the rotor- 
1 and rotor-2. The drive end coupling of the rotor system is not considered in the FE 
model. An auxiliary AMB is located between two discs and it supports rotor-1. The 
mass of AMB core that is attached to rotor 1(at node-3 location) and damping of the 
coupling are ignored in the present problem. The various parameters of the rotor 
system shown in Figure 2 are listed in Table 2. 


Critical speeds of rotor system are identified at 80 rad/s and 190 rad/s from Hilbert 
envelope of vibration response at nodes. The identification is performed at a speed of 
39 Hz (245 rad/s) away from turbo generator critical speeds. In the present problem, 
five harmonics have been considered on the positive and negative side of full spec- 
trum. The number of harmonics in real rotors would depend on the amount of mis- 
alignment present in between bearing centers. To improve the condition number of 
the matrix, vibration and current data at hybrid master DOFs from clockwise and anti- 
clockwise rotations have been considered. 


Table 2. Rotor-bearing-coupling-AMB system specifications. 


Unbalance 


Moment of inertia, kg-m2 


Amplitude,kg-m 


Ia, -0024 Ip, 0048 


e; 4e-5 


Iy,.0035 Ip,.007 


@€> 3e-5 


Iy,.0045 Ip,.009 


e3 4e-5 


Iq, 004 Ip, 008 


Bearing 


e4 3e-5 


Stiffness, N/m 


Damping, Ns/m 


kp1 500000 


Cp1 1350 


kp2650000 


Cp2 1300 


kp3575000 


Cp3 1300 


kp4595000 


Co 1250 


Coupling Stiffness 


Radial, N/m 


Angular, N-m/rad 


kraq225000 


kang200000 


Akr:60000 


Akp:75000 


Akr,40000 


Akg, 100000 


AMB 


kp=12200 A/m 


kamb =105210 N/m 


k;=2000 A/m-s 


kemb=42.1A/m 


ka=3 A-s/m 
Shaft 


d,m 


The results of the inverse problem and the effect of considering K, M and G in the deriv- 
ation of transformation matrix on the accuracy of parameter estimation are tabulated in 
Table 3. Case 1 is an illustration of when M alone is considered in the derivation of T” 
matrix. Only 3 out of 20 parameters show an error within 10%. Rest of the parameters 
deviate by a large value. Case 2 shows that by considering both M and K in T” there is 
a significant improvement in the estimates. The largest deviation is noticed in 
Kang(9.65%), k2™?(-8.78%). Other parameters are estimated within 5% of their 
assumed values. In Case 3, G is considered along with K and M in the derivation of T”. 
This results in further improvement of the estimates with the highest deviation noticed 
in Akp, (4.56%), Kang(3.73%). To simulate experimental conditions, random nose is 
added to the numerically simulated vibration and current output. Figure 3 shows the 
sensitivity of algorithm to signal noise for three cases (0%, 1% and 2%).The estimates 
are reasonably close with the highest deviation being 8% shown by Aky. 


Figure 4 shows the robustness of algorithm against modelling error in the static deflec- 
tion at coupling nodes(ôXc, ôXc+1, ôpy. and dyy,,,). Three cases (0%, 1% and 2%) have 
been considered and the highest error in estimates is less than 10%. Substituting the 
coefficients of AK in Eqn. (15) yields fluctuating forces and moments of the coupling 
due to misalignment. For the case of pure angular misalignment, the fluctuating 
moments of coupling due to additive stiffness is shown in Figure 5. In real rotors the 
thickness of shims would decide the amount of angular/parallel misalignment present 
which in turn would affect the magnitude of fluctuating forces & moments. 


Table 3. Comparison of various condensation methods employed for 
parameter estimation. 


% error in estimated value 


Matrices considered in condensation 


Parameter 


Assumed 
value 


Case 1: 
DC: K,M,G 
HC: M 


Case 3: 
DC: K,M,G 
HC: K,M,G 


3.80E-05 


24.58 


0.00 


2.12E-05 


178.24 


0.02 


3.91E-05 


164.81 


-0.05 


2.90E-05 


786.55 


-0.07 


1.24E-05 


9.58 


0.25 


2.12E-05 


7.32 


-0.08 


8.32E-06 


121.37 


-0.51 


7.76E-06 


537.21 


-0.51 


500000 


7.70 


-0.01 


650000 


85.51 


0.20 


575000 


1103.75 


1.62 


595000 


-349.34 


0.40 


105210 


-8475.66 


-3.78 


42.10 


-1672.80 


-0.75 


Kang (linked to yi, 


225000 
200000 


-2314.29 
97.89 


0.06 


Akr 


60000 


-2246.67 


Akr, 


40000 


-4472.69 


Akre (linked to ył, « 


75000 


101.13 


Akp, (linked to ył 


100000 


101.14 
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Figure 3. Sensitivity of estimates to noise in vibration and current data. 
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Figure 4. Sensitivity of estimates to modelling error. 
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Figure 5. Fluctuating moment of coupling due to angular misalignment. 


7 CONCLUSIONS 


The mathematical model of coupled rotor systems integrated with an auxiliary 
AMB is developed using Timoshenko beam elements. Coupling misalignment is 
modelled in the form of additive stiffness and plugged into the rotor model. The 
simulated responses in both time and frequency domains are similar to the experi- 
mental responses reported in literature. Hybrid condensation is used to express 
the rotor EOM purely in terms of translational DOFs without a need for data from 
rotational DOFs. The identification algorithm derived from the direct problem is 
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a linear least-squares regression problem. The inputs to the algorithm are ampli- 
tude and phase of the harmonics of full spectrum FFT.It has been shown that con- 
sidering M, K and G in the derivation of transformation matrix results in good 
estimates of parameters. The algorithm is found to be robust to noisy signals and 
to errors in modelling. The algorithm can be experimentally tested on coupled 
rotor test rig with integrated AMB set up by the following procedure: (i) the real 
and imaginary parts (i.e. the amplitude and phase or displacement signals and 
a common reference signal of the rotor vibration and AMB current must be cap- 
tured at the physical locations on the rotor corresponding to the nodes of the FEM 
model or condensation scheme could be used to reduce DOFs of the model) at any 
speed away from critical speeds (ii) This data must be input to the identification 
algorithm that is built from the mathematical model of the rotor-bearing-coupling- 
AMB system. Parametric studies investigating the additive coupling stiffness by 
treating coupling types, shim thickness and speed as variables would be the 
logical extension to the present work. 


Nomenclature 


k Stiffness matrix f force vector 


M Mass matrix uc complex translational displacement 


G Gyroscopic matrix 9, complex rotational displacement 


C Damping matrix i index 


T Transformation matrix jv-1 


AK,(t): ACS matrix œ angular speed 


No: Static deflection vector t time 


n: Vibratory displacement vector | 4 constant 


Subscripts 


acs additive coupling stiffness sh shaft 


scs static coupling stiffness g global 


rad radial d disc 


ang angular m master 


amb active magnetic bearing s slave 


c coupling b bearing 


Superscripts 


d dynamic c complex 


h hybrid Ttranspose 
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On the analysis of a rotor system subjected 
to rub using a continuous model 


A.G Mereles, K.L Cavalca 
Faculty of Mechanical Engineering, University of Campinas, Brazil 


ABSTRACT 


Rub related phenomena are some of the most researched topics in rotordynamics and 
they are yet not fully comprehended. Thus, this work aims at studying the different 
outcomes possible for different configurations of a rotor system consisting of a simply- 
supported shaft with an off-centred disk. For this purpose, a continuous model is used, 
which takes into account the inertia and gyroscopic effects of both the shaft and the 
rigid disk. The governing partial differential equations are discretized by means of the 
modal expansion method. A finite element model is also presented and its results 
compared with the continuous model. 


1 INTRODUCTION 


Rubbing occurs when there is physical contact between rotating and stationary parts 
in a rotating machine, which is a serious malfunction that may lead to a complete fail- 
ure of the machine. Some of the effects of rubbing in rotating machinery are: rotor 
stiffening effect, changes in response amplitudes and phase, appearance of high fre- 
quency components, wear, noise, thermal bow and effects on fluid dynamic forces (1). 
The complexity of rubbing arises due to the several physical phenomena involved, 
such as friction, physical contacts, and stiffness changes (1). This makes the theoret- 
ical study of rubbing very challenging, since it is difficult to establish a complete math- 
ematical model due to the several parameters involved. 


The behaviour of rotor systems subjected to rubbing appears to have either a forward 
or a backward whirl, depending on several parameters such as damping, stator stiff- 
ness and friction. Also, during forward whirl, the response can further be divided in 
forward annular rub (FWAR) and forward partial rub (FWPR). In the former, the rotor 
is continuously in contact with the stator, whirling within the clearance. This behaviour 
is seen mainly when the friction between the rotor and stator is very low. However, 
when friction is high enough, the rotor enters a bouncing state, or in FWPR, with suc- 
cessive impacts during the whirl motion. This state has been shown to possess rich 
dynamics characteristics from periodic to chaotic (2-4). In the backward whirl cases, 
the rotor slides or rolls continuously throughout the whirl motion at a nonsynchronous 
speed. The configuration of rolling without sliding is known as dry whirl while the slid- 
ing motion is called dry whip (5,6); being the latter much more dangerous to the rotor 
system. 


Most of the studies on rubbing in rotor systems use lumped mass models (2, 7-9). 
While these models can be used to give insights on the dynamics of the systems, the 
results are mainly qualitative. Since the rubbing often excites a wide spectrum band, 
more detailed models are required. A common approach is to use the Finite Element 
Method (FEM), as done in (10,11). However, FEM based models for non-linear prob- 
lems often require a highly discretized mesh, which may create a high numerical cost. 


In this work, a continuous model of a rotor-disk system subjected to rub is presented. 
The system consists of a simply-supported shaft with an off-centred disk. The partial 
differential equation that govern the motion of the system is discretised by the 
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eigenfunctions obtained directly from the equations of motion. The eigenfunctions 
obtained considers the gyroscopic effects of the disk and the shaft, thus it is speed 
dependent. Furthermore, a finite element model is established to a primary validation 
the results given by the continuous model. 


2 MATHEMATICAL MODEL 


The rotor-disk system studied consists of a continuous shaft with a disk located at 
x =aand simply supported at both ends, as depicted in Figure 1. The vertical and hori- 
zontal displacements are given as w(x, t) and v(x,t), respectively. A massless stator is 
positioned at x = b with a radial clearance of d.. The contact is modeled by means of 
a nonlinear spring-damping system. The shaft is considered to be homogeneous and 
its rotary inertia is considered in the equations. The equation of motion of a Rayleigh 
shaft with a disk can be written in complex form as (4), 


Ou Ou 
ô + jO, 
gA %0 — a) + YA ae, 


+ EI + Ma 


ox 6a (x a) P(x, t) (1) 


2jQ 


Ou u a 
Ox? or 


Ou 
A Ar 
peop P af azat 


Figure 1. Depiction of the rotor system. 


being u(x,t) = v(x,t) +jw(x,t) the rotor’s displacement in complex form, p the mass 
density, A the cross-sectional area, ry the radius of gyration, E the modulus of elasti- 
city, 7 the area moment of inertia, 2 the rotational speed, M4 the mass of the disk, Jp 
the diametral mass moment of inertia of the disk, 6, is the Dirac delta and 
6a = d(6q)/dx its derivative with respect to x; and p(x, f) = p,(x,t) + jp-(x, t) is the external 
load and its components in the y and z direction. The external forces considered in 
this work consist of the unbalance, damping and the contact force due to the stator 
rubbing. Also, the second order effect of the diametral mass moment of inertia of the 
thin disk is not considered in the model. The boundary conditions are simply sup- 
ported, thus, 


@u(0,t) Pull, t) 


u(0, t) = u(L,t) Ae a 


0 (2) 
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The discretization of Equation (1) can be done in several ways. The most commonly 
approach is by means of the modal expansion or assumed modes method, where the 
following form for the displacement is assumed, 


ule) = So balan) 6) 
n=1 


being ¢, the basis functions or mode shapes and gq, the modal coordinates. The mode 
shapes ¢, can be obtained by means of the eigenfunctions (satisfy the free, undamped 
governing equations and geometric and natural boundary conditions) or comparison 
functions (satisfy the geometric and natural boundary conditions) or admissible func- 
tions (only satisfy the geometric boundary conditions) (12). The approach followed 
here used the eigenfunctions, which are obtained directly from the free and undamped 
equation of motion, Equation (1) with p = 0. 


Due to the gyroscopic effect, the mode shapes ¢, depend on the rotational speed Q. 
Also, for each mode the mode shape has two forms: a forward and a backward form. 
Each of which has its own whirl frequency that depends on the rotor’s speed. In this 
way, Equation (3) is rewritten as, 


u(x,t) = Soo a O + or a = > Yeah q; (4) 


n=1 i=F,B n= 


where F and B denote the forward and backward modes and i sums their both contri- 
butions. For rotor systems where the gyroscopic effects are not strong, Equation (3) 
can be used in discretizing the equations with no great errors associated with it. This 
was done by Azeez and Vakakis (4), where comparison functions obtained from a non- 
spinning shaft was used to discretize the partial differential equations. However, for 
rotor systems with large diameter disks, or that operate in high speeds, the use of the 
correct mode shapes is necessary. 


The main problem that arises when using the eigenfunctions taken from the free equa- 
tion of motion, Equation (1) with p = 0; is that the resulting eigenvalue problem is non- 
self-adjoint, due to the gyroscopic force. Thus, the regular procedure used for non- 
rotating beams to uncouple the differential equations for the modal coordinates q, is 
not applicable. In this work, the modal analysis method (13) is used to uncouple the 
modal equations of motion, which gives the following first-order uncoupled equations 
for the modal amplitudes (14,15), 


d (A) =A gi (t j+ [vw p(x, t)dx for n = 1,2, ...and i = F,B (5) 


where 2i is the eigenvalue which for undamped gyroscopic systems are given as 
ii = joi, ‘being œ, the natural frequencies; and yj, are the adjoint eigenfunctions of ¢i. 
Equation (5) consist of two sets, forward and backward, of infinite first order 
uncoupled modal equations, which are in reality truncated at M modes. The solution of 
the equations gives the complex modal coordinates q(t). The physical displacements 
are obtained from Equation (4) and the velocity can be obtained as, 


iu(x,t) = DOO (wai (A) + Aron aO) (6) 


n=1 


the horizontal v(x,7) and vertical w(x, t) components of the displacement and velocity 
are simply the real and imaginary parts of u(x, t) and ù(x, t), respectively. 
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2.1 Unbalance force 
The unbalance force is considered acting only at the disk. The following relation was 
considered, 


Pun(x, t) = me d” a(x — a) (7) 
being me the unbalance amount and a the location of the disk along the shaft. 
2.2 External damping 


The damping in this work is considered as an external non-proportional force. The 
damping force is written as, 


œ 


Paamp(%,t) = —Catt(x,t) = —ca X | (ann qn (O + An bn an (2) (8) 


n=1 
being c, the external damping coefficient. It’s worth noting that the damping couple 


the forward and backward modes. 


2.3 Contact force 
The impact model considered is based on the Hunt and Crossley (16) model, which is 
given as, 


F(t) = k,6" (t) + n6"(t)8""(t) (9) 
being ô and 6 the indentation and its rate of change, k, the stiffness coefficient; and c, 


the damping coefficient. The exponents n and m are assumed as n = m = 1. The inden- 
tation and its rate of change are given as, respectively, 


6(t) = |u(b,t)| — de = 1/v(b, t}? + w(b, i? — de (10) 


rer Oe ee an 


being d. the radial clearance and b the impact location along the shaft. The tangential 
force is modelled based on the Coulomb model, and the sign of the relative velocity at 
the contact point v,a is taken into account. Thus, the coefficient of friction is assumed 
to be (17), 


Vre. 
p = H(t) = un tanh (22) (12) 


being u„ the maximum coefficient of friction and vọ a curve-fitting parameter, which 
was set to vp = 10-3. The tanh(x) function is used instead of the sign(x) function to avoid 
the discontinuity presented in the latter. The tangential force and relative velocity are 
given as, respectively 


REGOR (13) 
Vrel = A(1)|u(b, t)| + OR (14) 


where R is the shaft’s radius and ġ is the whirl speed, which is given as, 
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| v(b, t)w(b, t) — w(b, t)v(b, t) (15) 


\u(b,0)/° 


The complex form of the contact forces is expressed as, 
> b,t 
Poms §) = =F) HIENO] Bale — B) = CLL +a] FO py Bus) (16) 


where ¢ is defined as, 


1 for |u(b, t)| > de 
c= i (17) 


0 for |u(b, t)| <de 


2.4 Modal equations 
The final modal equations can be obtained by substituting the unbalance, damping 
and contact forces, Equations (7), (8) and (16), into Equation (5), which gives, 


L 


di,(t) = digit) + [ropu (x, dx + [2 Opam (x, i)dx + | PoC dx (18) 
0 0 


0 


for n = 1,2,...and i = F,B 
or, equivalently 


u(b, t) 


UO = RAD + 64 (Peden + Ahn) = meP a) = C1 A EO arg Pa) (19) 
for n = 1,2,...and i = F,B 
where, 
L 
cn = | walt ade (20) 


0 


The modal equations (19), are now coupled due to the damping, and are nonlinear 
when |u(d, t)|>d-, and linear otherwise. 


3 FINITE ELEMENTS MODEL 


For the purpose of comparison with the continuous model, a finite element (FE) model 
was also established. The model consists of N, = 9 standard beam elements consider- 
ing rotary inertia. Figure 2 shows the mesh used, which consisted of 7 elements of 
same length /; = 100 mm, and two elements of length /; — h and h, where h = 40 mm. 
This was done to change the impact location if needed by changing the length 2. The 
disk is positioned at node 5 as shown. The Equations of motion of the FE model are 
given as (18), 


MA {RC } + DAXO} + KX} = {F00} (21) 
where {X.(t)} are the node displacements, [M.] and [K.] are the mass and stiffness mat- 
rices, respectively; [D.]=[C.|+2[G.] being [C.] and [G,.] the damping and the gyroscopic 
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matrices. {F.(t)} are the external forces applied on the rotor, which consist of the 
unbalance and contact forces. The damping matrix was considered proportional to the 
stiffness matrix, that is, [C.]= A[K.], being £ the proportionality constant. Also, the disk 
matrices were summed at the corresponding degrees of freedom of the disk node, and 
the diametral moment of inertia was not considered. 


In the FE model, the same impact model given by Equation (9) was used, and applied 
at the corresponding nodes; which was the same location as the distance b in the con- 
tinuous model. In addition, no reduction was used in the FE equations (21). Thus, they 
were integrated considering all the nodes of the FE mesh. 


@ 


Figure 2. Mesh of the FE model. 


4 MODE SHAPES AND NATURAL FREQUENCIES 


A first comparison between the FE and the Continuous model was the mode shapes 
and critical speeds given by each one. The main parameters used in the simulations 
are listed in Table 1. These parameters where used in both continuous and FE models. 
Also, the damping was neglected in both models in this study. 


Table 2 shows the critical speed comparison. It can be noted that the agreement 
between the models is very good, and they differ more as the mode considered 
increases. It’s worth noting, however, that, if more elements are considered in the FE 
model, the agreement in the higher critical speeds between the results is better. 
Figure 3 shows the Campbell diagram obtained with both models, which showed 
a very close behaviour. The mode shapes for a speed of 2 = 10* rpm are shown in 
Figure 4. It is seen that the results agree very well, showing that the continuous model 
can be used for the mode shape obtainment with great accuracy. The mode shapes of 
the continuous model were normalized in the figures using the biorthonormality 
conditions. 


Here it is important to point out that most the works which used continuous models 
used the sine function, 4,sin(nz) with n being the node number and 4, a constant, to 
discretize the equations of motion. While this approach is reasonable for low speeds 
and for rotors with centred disks, it gives wrong results for higher rotational speeds, 
as the mode shapes of the rotor are strongly dependent on the speed. Therefore, the 
eigenfunctions used in this work gives more reliable results, since it depends on the 
rotor speed and gives similar results as the FE model regarding the rotor mode shapes 
and natural frequencies. 
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Table 1. Parameters used in the simulations. 


Parameter 


Value 


Length of the rotor 


800 mm 


Diameter of the rotor’s shaft 


12mm 


Density of the material 


Modulus of Elasticity 


7850 kg/m? 
200 GPa 


Diameter of the disk 


200 mm 


Length of the disk 


9.32 mm 


Mass of the disk 


2.3 kg 


Location of the disk 


Unbalance mass 


0.45L 
7.4 x 1075 kgm 


Damping coefficient 


7Ns/m 


Proportionality constant (FE model) 


2x 10> 


Table 2. Comparison of the critical speeds obtained with both models. 


Critical speed | Continuous model (rpm) 


FE model (rpm) | Error (%) 


First (BW) 817.90 


817.86 0.004 


Second (FW) 818.8 


818.9 0.001 


Third (BW) 4491 


4491 0.002 


Fourth (FW) 11100 


11105 0.043 


Fifth (BW) 


12401 


12407 0.043 


Sixth (FW) 


17087 
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Figure 3. Campbell diagram of both models. The black dashed line is where 


Q=a. 
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Figure 4. Results for the two firsts mode shapes of the rotor system at © = 10t 
rpm using: (a) and (c) Continuous model and in (b) and (d) FE model. 


5 NUMERICAL SETUP 


Equation (19) consists of N complex coupled equations for the forward and backward 
modes. Because both forward and backward modes have to be taken into account in 
the obtainment of the physical coordinates v and w to determine if the rotor contacts 
the stator, they must be solved simultaneously. Therefore, a total of 2N first-order 
ordinary differential equations are solved; the equations are linear when no impact 
occurs and nonlinear otherwise. The numerical integration in the rub cases were per- 
formed using the variable-step size integrator ode45 of the software Matlab, which is 
a six-stage, fifth-order, Runge-Kutta method (19). The FE equations were integrated 
using the integrator ode15s, since the ode45 scheme was very slow for the FE model. 
The ode15s integrator is best suited for systems with high numerical stiffness. 


In continuous systems, the number of modes used for discretizing the equations of 
motion is highly important for the reliability of the results, and they depend closely on 
the impact stiffness k,, since the higher the latter, the higher the number of modes have 
to be considered in the discretization. Besides the intensity of the impact, the location 
where it occurs along the shaft and the external damping also affects the number of 
modes needed. When the impact occurs on the disk or a high damping is considered, 
a lower number of modes can be chosen with no great differences in the results. The 
mode number N = 5 was sufficient for reliable results for all cases studied, from mild to 
very intense rub. It is worth noting that in this case the higher frequency modes are not 
considered, since the analysis performed in this work is mainly close to the first forward 
critical speed. However, this need not to be the case, for example, for high speed rotor 
systems; where the low frequency modes may be discarded due to their little influence 
in the overall response. This offers a good advantage over the FE model, as in the latter, 
if no reduction is applied in the equations, all the modes are necessarily considered in 
the solution, which has a very high mode number for a highly refined mesh. 


By using N = 5 the number of equations to be solved in the continuous model is 10, and 
the FE model, with 9 elements, is 36 (as 4 degrees of freedom are eliminated due to the 
simply-supported condition). Since the FE model has to be turned to a first order differen- 
tial equation, the total number of equations integrated was 72. Although the equations of 
the continuous model are coupled, their numerical solution is much easier than the FE 
model, saving a great deal of computational time. 
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6 FORCED OSCILATIONS 
6.1. Continuous model results 


In the forced oscillations study, the important parameters that affect the rubbing phe- 
nomena were varied and the results analysed. The rubbing was induced by the unbal- 
anced force and the initial conditions were all set to zero. In the following simulations, 
the ratio of the shaft radius by the radial clearance was set to R/d. = 80, thus d, = 0.075 
mm (75 um) and disk position isa = 0.45L. The impact stiffness and damping were 
assumed as k, = 10° N/m and c, = 0.5k;,, respectively. The other parameters used are 
listed in Table 1. 
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Figure 5. Continuous model results for different rotational speed with 
ln = 0.025 and b = 0.5L: (a) radial displacement and rotor orbits in steady state 
for (b) s = 1.2, (c) s = 0.9 and (d) s = 0.85. The black dashed line represents the 
stator clearance. 


A first study performed is shown in Figure 5, where the friction coefficient was 
lm = 0.025, and the impact location is set on the shaft at its mid-span, b = 0.5L. In the 
figure, s = 2/œf.,, being œf., the first forward critical speed; and the black dashed line 
represents the stator clearance. The orbits shown were taken after 500 cycles, being 
the last 20 cycles shown, and the displacements v and w correspond to the horizontal 
and vertical displacement at x = b. Three cases are outlined in Figure 5. When s = 0.85, 
the rotor contacts the stator several times but eventually reaches a no-rub steady 
state. This happens mainly because the maximum no-rub steady state displacement 
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is less than the clearance. By increasing the friction in this case only makes the rotor 
disengage the stator sooner, thus there is no coexistence of two stable whirl solutions. 
This is true, however, for moderate friction, as with friction as high as u„ = 0.5 back- 
ward rub can occur even at very low speed as shown experimentally in (20). By 
increasing the speed to s = 0.9, a state of forward annular rub is seen (FWAR), where 
the rotor continuously contacts the stator throughout its whirl motion. This state is 
unavoidable, as the steady state displacement of the rotor at this speed is higher than 
the clearance. For s= 1.2, the rotor first enters in an annular rub state which later 
changes to a forward partial rub state (FWPR) due to friction. This state is character- 
ized by a series of impacts throughout the whirl motion and possess rich dynamics 
characteristics which range from periodic to chaotic (2,3,4). Also, in FWPR cases, sub- 
and superharmonics are commonly seen in the frequency spectrum of the 
response (8,21). 
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Figure 6. Continuous model results for different friction coefficients with 
s = 1.6 and b = 0.5L: (a) radial displacement and rotor orbits in steady state for 
(b) u„ = 0.06, (C) #,, = 0.025 and (d) „u, = 0.01. 


Another study is shown in Figure 6, where the speed was held constant at s = 1.6 and the 
friction coefficient was varied. The friction cases correspond to high, moderate and low 
friction, respectively. Since the speed is not close from the first critical speed, the 
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influence of the higher modes of vibration are stronger in this case. For a low friction of 
Lm = 9.01, the rotor enters in FWAR. This result is interesting because at this speed the no 
rub displacement of the rotor is much lower than the radial clearance. This means that 
two whirl solutions coexist, and they can be interchanged for different initial conditions. 
For higher friction coefficient of s,, = 0.025, the rotor first enters in a FWAR state which 
then changes to a FWPR, with several impacts over the whirl motion. It is worth noting 
that this result does not differ from ones obtained with Jeffcott models (7, 9). However, 
the continuous model gives the global response of the rotor, where the displacements at 
any point of the shaft can be obtained. This can be useful, for example, to asses if another 
point on shaft can also contact its surrounding stator or seal. By increasing the friction 
even more to u,, = 0.025, Figure 6 shows that the rotor enters in a stronger rub state, with 
more influence of the higher modes of vibration. By comparing the orbits shown in 6b and 
6c, it is seen that the rotor transitioned from periodic to a quasi-periodic state with the 
increasing friction, as the orbit in 6b is not closed. This result shows that with high friction, 
more modes are excited by the contact force and thus the disregard of the higher modes 
of vibration may lead to very different outcomes. 
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Figure 7. Continuous model results for different impact locations with 


Mm = 0.04 and s = 1.6: (a) radial displacement and rotor orbit in steady state for 
(b) b = 0.55L, (C) b = 0.4L and (d) b = 0.5L. 
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In the last case studied, the position b where the impact occurred was varied. The fric- 
tion coefficient was set to u„ = 0.04 and the speed s = 1.6. Figure 7 shows the results 
obtained. The impact positions were b = 0.55L, b = 0.5L and b = 0.4L. Since the disk is 
placed at a = 0.45L, in this last case the impact is occurring before the disk (see Figure 
1). The results when b = 0.5L and b= 0.4L, were very similar, as the distance from the 
impact location to the disk position was the same. Since neither of the orbits in Figures 
7c and 7d are closed, the dynamic behaviour was quasi-periodic. An interesting result 
is seen when the impact location is positioned farther from the disk with b = 0.55L. 
Figure 7b shows the orbit for this case, where the behaviour is seemingly chaotic. 
However, advanced numerical tools such as Lyapunov exponents must be used to 
firmly state the behaviour to be chaotic, which was not done in this work. What can be 
stated is that the rotor was very close to enter in a backward whirl motion, as 
a frequency analysis (not shown here) showed a high negative component in the 
response’s spectrum. These results show that the position where the impact occurs is 
very important in the dynamic of the rotor system and the farther from the disk the 
contact occurs, the stronger the rubbing phenomenon is. 


6.2. Comparison with FE results 


In order to evaluate the results given by the continuous model, they were compared 
with the responses given by the FE model in the same conditions. For that matter, the 
parameters used in the FE and continuous models - including radial clearance, disk 
locations and properties, impact stiffness and damping, and so on - were the same. 
Since the first forward critical speed of both models are fairly the same (See Table 2), 
the parameter s = Q/o! , was also used to define the rotor speed in the FE model. In 
addition, the impact force used was the same and was added at the corresponding 
degrees of freedom of the midspan node of the FE mesh, node 6 (Figure 2). 


The first comparison between the models is shown in Figure 8, where the friction coef- 
ficient was held at w,, = 0.06 and the speed was varied. The displacements v and w in 
the FE orbits correspond to the horizontal and vertical displacements at the impact 
node. The results given by both models are very similar. When the speed was s = 0.9, 
both models predicted a full annular rub with low indentation. At the speed of s = 1.2, 
the models predicted a FWPR, but their behavior were rather different. While the con- 
tinuous results, Figure 8b, was closed, meaning a periodic solution, the FE orbit, 
Figure 8e, showed a quasi-periodic behaviour. Despite of this qualitative difference, 
both models showed very close indentations. For a higher speed, s = 1.6, the results 
were very similar, and the FE model also showed an influence of the higher modes of 
vibration. 
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Figure 8. Comparison between the models for different speeds with i, = 0.06 
and b = 0.5L: (a), (b) and (c) continuous model and (d), (e) and (f) FE model. 
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Figure 9. Comparison between the models for different friction coefficients 
with s = 1.6 and b = 0.5L: (a), (b) and (c) continuous model and (d), (e) and (f) 
FE model. 


Figure 9 shows the comparison between the models with different friction coefficients, 
where the speed was held at s = 1.6. At first glance, it is seen that, in a qualitative point 
of view, the results given by the continuous and FE models were very close. For a low 
friction with 4„ = 0.01, both models predicted the annular rubbing state, and the inden- 
tation was also very similar. For 4, = 0.025, a periodic solution is seen in the results of 
the models. Although the results look similar qualitatively, period numbers were 
slightly different and the indentation was higher in the continuous model. With 
a higher friction, u,, = 0.04, the orbit of the FE model, Figure 9f, is not closed, thus the 
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behaviour is a quasi-periodic one; which is the same as the continuous model, Figure 
9c. Given the results, it is fair to say that the models were in good agreement. How- 
ever, the influence of the modes of vibration is stronger in the continuous model in 
comparison with the FE model. 


7 CONCLUSIONS 


This paper presents a continuous model for a rotor-disk system that rubs against 
a massless stator. The shaft was homogeneous and the Euler-Bernoulli beam theory 
was used. The gyroscopic effect of both the shaft and the rigid disk were considered in 
the equations of motion, which, in turn, were discretized by means of the modal 
expansion method. The eigenfunctions used in the discretization were obtained dir- 
ectly from the free and undamped equation of motion, resulting in a mode shape func- 
tion with dependence upon the rotor speed and with forward and backward cases. 
Also, the equations of motion for the modal coordinates were obtained through the 
modal analysis method described in (13). 


In order to evaluate the continuous model presented, a FE model was also established, 
which had 9 standard beam elements with rotary inertia. No reduction was considered 
in the FE model, and the simply supported condition was applied by directly removing 
the displacements degrees of freedom in the boundary nodes. In a first comparison 
between the models, the critical speeds, Campbell diagrams and mode shapes given 
by them were compared. The results showed that the continuous model can be used 
with great accuracy to obtain the natural frequencies and mode shapes, as the results 
were very close from the FE model. 


By means of numerical simulations, the behaviour of the rotor system was studied in 
different operating conditions. The parameters varied were the rotational speed 2, 
friction coefficient u,, and impact location b. It was shown that by increasing the fric- 
tion, the higher modes of vibration influence more the response of the system. Also, it 
was shown that depending where the impact is occurring, far from or close to the disk, 
the dynamic behaviour of the system is dramatically changed. These results from the 
continuous model were further compared with the FE model outcomes. The compari- 
son showed that the models were in good agreement, as their dynamic behaviour did 
not differ much. Also, the comparisons prove the validity of the present continuous 
approach in modelling non-smooth systems, which was the rub forces in this case. 


The continuous model offered some advantages over the FE regarding the numerical 
integration, as the number of equations needed to be integrated was lower. This saves 
a great deal of computational time and requires less numerical processing power; 
which can be very important in large rotor systems, that mostly require large process- 
ing units. Another important advantage of the continuous model is that it requires only 
the modes that will actually influence the response of the system, thus not only higher 
frequency modes, but the lower ones, can be discarded. It also worth pointing out that 
the continuous model can be applied to more complex geometries, where its advan- 
tages would be even greater. 
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ABSTRACT 


Rotating systems are the main components in turbomachinery, and are presents in 
several industrial applications, such as oil and gas or energy. The efficiency of these 
machines is directly dependent on the mechanical characteristics and their dynamic 
behaviours. Thus it is important to develop specific numerical methods and algorithms 
that can help to predict and to optimize the dynamic behaviour of these machines. The 
goal of this work is to implement a mathematical model to simulate and to optimize 
the dynamic behaviour of rotating machines and to develop an evolutionary optimiza- 
tion method in order to improve their response for a large frequency band, placing the 
nominal rotational speed as far as possible from resonance regions. A modal analysis 
was made considering the effects of mass, stiffness, damping and gyroscopic effects, 
in order to have an optimized reparation of the shaft diameters by using a finite elem- 
ent analysis, considering its components (shaft, disks and bearings). The optimized 
distribution of the shaft diameters was obtained to maximize the frequency span of 
two natural frequencies around the operating speed. Constraints related to the total 
shaft volume and to limit values for the diameters were considered. The optimization 
problem is solved by using the Bidirectional Evolutionary Structural Optimization 
(BESO) method. A MATLAB code was developed to simulate and to optimize the rotat- 
ing systems. The Campbell diagram and the unbalance response of the rotor bearing 
system has been used to assess the performance of the optimized configuration. 


1 INTRODUCTION 


Turbomachines are widely presents in different industrial fields. The design of their 
rotating parts deserves special attention in order to optimize the performances and to 
avoid dynamical problems. In this context, many techniques of optimization have 
been employed to a large variety of mechanical structures, improving their topology, 
shape and material (1). 


The finite element method can be used to model the rotor (2,3), and take into account 
specific considerations of the machine such as the positions of the bearings, disks and 
seals. 


Among many possibilities, the topology optimization could be applied to change the 
eigenvalues of the system in order to increase the frequency span of two consecutive 
natural frequencies (4). A shape optimization of Euler-Bernoulli beams was executed 
for maximizing band gaps (5,6), frequency regions where the propagation of elastic 
waves is annulled. 


Genetic algorithms were applied to optimize rotors intending to move the oper- 
ational speed away from the closest resonance in some different forms, such as 
changing the diameters of the elements without varying the total weight or 
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element lengths (7). In a more specific way, Immune-Genetic Algorithm (IGA) (8) 
and Multi-Objective Genetic Algorithm (MOGA) (9) were used with multi-objective 
functions. The former intending to minimize the weight and the force transmitted 
to the bearings, and the later one minimizing the total weight and placing the 
operational speed as far as possible from the closest resonance, both changing the 
diameters of the elements as well. 


A gradient based algorithm was used with a multi-objective function to minimize the 
rotor weight and unbalance response, increasing the critical speed (10). Based on 
derivatives of the objective function, the evolutionary optimization methods express 
their importance, such as the Evolutionary Structural Optimization method (ESO) (11) 
and the bi-directional Evolutionary Structural Optimization method (BESO) (12). The 
first one removes elements from the structure, and the last one can remove or add 
elements, both methods work according to a sensitivity analysis. The ESO method 
was applied to a rotating machinery following a versatile objective function, intending 
to reduce the weight, the amplification factor (Q factor), and move the critical speeds 
as far as possible from the operational speed under dynamic constraints (13), by 
changing the lengths and diameters of the elements. 


Therefore, the main objective of this work is to apply the BESO method focusing on 
developing the formulation of maximizing the separation margin by using a specific 
sensitivity analysis, in order to design a simple but representative optimized rotating 
machinery. 


2 MECHANICAL MODEL AND OPTIMIZATION PROCEDURE 


2.1 Mechanical model of the rotor 

The rotor system is modelled by a finite element analysis with an assembly of discrete 
bearings and rotor segments with elements of concentrate mass, what means beam 
elements in bending with some disks connected. The Equation 1 shows the equation of 
motion of the complete system. 


[M]{ 5 } + [e(®)]{3} + [K]{5} = {F(Q,t)} (1) 
Where [M] is the global mass matrix, [C]= —Q{G]+[C,] and [K] are the global matrices of 
damping and stiffness respectively. [G] is the gyroscopic matrix, [C»] is the damping 


matrix of the bearings, {F(Q, t)} is the global load vector, {8} is the vector of nodal dis- 
placements, and Q is the rotational speed. 


2.1.1 Eigenvalue problem 

In order to solve the associated complex eigenvalue problem it is convenient to rewrite 
the Equation (1) in the space state form, neglecting the applied loads as shows the 
Equation (2). 


[A] {a} + [B]{q} = 0 (2) 


Where 


ial | Nee ACEA 


Supposing a harmonic solution {q}={ọ;}et, the associated eigenvalue problem can be 
obtained as shows the Equation (3). 
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([Ai+[B]){9;}= 0 (3) 


Where 4; and {9,} are respectively the eigenvalues and eigenvectors. The mentioned 
eigensystem must be evaluated for different values of rotational speeds 2 in order to 
calculate the eigenfrequencies and obtain the Campbell Diagram [2]. 


2.1.2 Unbalance response in steady-state 
The mass unbalance force can be expressed as done in Equation (4), where mne is the 
unbalance. 


£(t)=munpeQ?e}* (4) 


Assuming the steady-state response in the form of the Equation (5), substituting the 
Equation (4) in (1), and considering the unbalance force is added to the global load 
vector, the steady-state unbalance response {p} is obtained as shows the Equation 
(6), where {Fo(Q)} is the vector of amplitudes of {F(Q, t)}. 


{5}={p}e™ (5) 


{p(2)}=[-[M]2?+j[C]Q+ [K] " {Fo(2)} (6) 


2.2 Evolutionary optimization procedure 

Among many optimization methods applicable to maximize the gaps between natural 
frequencies the BESO method was chosen, basing its evolutionary procedure in 
a sensitivity analysis that is made by direct differentiation of the objective function 
with respect to the design variable. In this work, the cross section area of each finite 
element is taken as design variable, and according to the BESO procedure these 
values can be increased or decreased for each iteration. The Figure 1 illustrates 
a hypothetical result obtained by using the proposed method in the case of circular 
cross-section shafts. The Figure 2 illustrates a flowchart of the implemented BESO 
method, where /* is the final volume that will be reached at the end, AR and ER are 
the percentage of the total volume that is added and removed for each iteration 
respectively, dS is the changing rate of cross section areas, Smin ANG Smax are respect- 
ively the lower and upper design limits. 


The algorithm works with the cross section areas of the elements as the design vari- 
able in order to avoid the non-linear dependencies and to obtain a smoother evolution 
(14). The changing rate of the cross section areas dS is defined at the beginning, thus 
the optimization deals only with discrete values. Shaft sections such as bladed stages, 
seals, impellers, bearings and others, remain constant and do not take part in the 
optimization. 


raTe—=— | [= 7=] a 


Figure 1. Illustration of a topology optimization for a rotor. 


The stop criterion is based on the comparison between the objective function values of 
the latest iterations as shows the Equation (7). 
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5 5 
Dja F(xi)k-j417 Xj- F(xi)k-j+4 
Xa F(X) je 


<T (7) 


Where k is the current iteration, t is the tolerance, and f(x;) is the objective function. 
Thus, the total shaft volume is reduced during the evolutionary process until the 
volume constraint V* is reached and the stop criterion is satisfied as shows the flow- 
chart in the Figure 2. 


Figure 2. Flowchart of the BESO method. 


2.2.1 Maximization of natural frequencies separation 

The adopted objective function is the gap between two chosen natural frequencies. 
Due to gyroscopic effects, the natural frequencies are dependent on the rotational 
speeds, thus these frequencies must be related with their respective rotational 
speeds. Therefore, the statement of the optimization problem can be written as 
follows. 


Maximize: | Pio | | -| [r o | | 
i Subjectto: V*— J^; SeLe= 0 (8) 
Smin < Se < Smax 
Where i and 7’ are the i” modes, Q and 2’ are the rotational speeds, Smin and Smax are 
the minimum and maximum values of the surfaces of the elements, V* is the final 
volume to be reached, and L, is the length of each element. 
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2.2.2 Sensitivity analysis 

In order to carry out the optimization, it is necessary to calculate the sensitivity of 
each element, that can be obtained by differentiating the objective function with 
respect to the design parameter S, of the j” element. 


Taking the derivative of Equation (3) with respect to S, leads to (9). 


a{oi} 0 
ôSej 


(= [A] Es i) +GiLA]+[B)) 


Multiplying (9) by {ọ};" yields the Equation 10. 


5, (OTA @) Halo)" Ser (OHO) E Ho alB Gee = 


l 


Then it is possible to solve (10) for the eigenvalue sensitivity such as shows the Equa- 
tion (11). 


DQ Piq an 


OSej P; 
Where 
O A O O, 


Considering a general eigenvalue with real and imaginary parts Re and Im respect- 
ively, its absolute value is done by (12). 


[aia] |= Re? Hm? (12) 


Applying the derivative with respect to the design variable in (12) to obtain the deriva- 
tive of the module as function of the real and imaginary parts of the eigenvalue, it is 
used the fact that the derivatives of the mentioned parts are the respective real and 
imaginary parts of the derivative of the complete eigenvalue done by the Equation 11. 
Thus, the sensibility of the į natural frequency is done by (13). 


alli, Q|] 1 | ( 3) (i Z] 
=——— _|R, | real +In | ima: i 13 
Sej Re? +In? “ OSej 8 OSgj (13) 


And the derivative of the objective function can be obtained as showed in the Equa- 
tion 14. 


ÔF (Se) _ ll Ql Albay, L'I 
Sy Sa ISe 


(14) 


3 NUMERICAL RESULTS 


A Jeffcot rotor is used in this study (Figure 3) intending to increase the frequency span 
between the first two resonances. The disk and the shaft are made of steel, with Young 
Modulus F=200,00 GPa, Poisson's ratio v = 0,30, and density p = 7800, 00kg/m’. The initial 
shaft diameters is d=0,10 m, the total length is L = 1,30m, and 78 equal length beam 
elements with two nodes and 4 degree of freedom per node are used. 
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Figure 3. Finite element mesh of the initial rotor. 


The Tables 1 and 2 show the properties of the disk and bearings. Daix and thgis, are 
respectively the diameter and thickness of the disk, Kw, K-z, and Cx, Cz are respect- 
ively the stiffness and damping values for directions x and z. 


Table 1. Properties of the disk. 


Parameter 
Daisk(m| 


thaisk|m| 


Table 2. Properties of the bearings. 


Parameter 


3.1 Optimization 

The operating speed Q= 25000RPM is situated between the second and the third 
resonances (2)= 16370RPM and 2)= 32830RPM). The unbalance response is calculated. 
The unbalance of mme = 110,53gmm was chosen to be of G 6 quality based on ISO 
1940. As the damping effect is low the resonance frequencies are close to the natural 
frequencies, thus the norm of the respective eigenvalues are used for the 
optimization. 


In order to avoid abrupt modifications throughout the optimization, the algorithm 
uses the parameters AR=0,30%, ER=1,00%, V*= 80,00%, Smin= 0,0049m7, 
S-max = 0,0089m’, dS = 0,0001m?, t = 0,20%, intending to obtain a soft evolution of the 
objective function. Figures 4 and 5 show the results obtained after 32 iterations that 
maximized the objective function. 
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Figure 4. Finite element mesh of the optimized shaft. 
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Figure 5. Evolution of the objective function and volume. 


The Table 3 shows the resonance speeds before and after the optimization. Figure 
6 shows the Campbell Diagrams for the initial and optimized systems. Before the 
optimization, the operational speed was 143,83 Hz (34,52% of the operational 
speed) higher than the second resonance, and after the optimization it passes to 
159,50 Hz (38,28% of the operational speed). On the other hand, the operational 
speed was 130,50 Hz (31,32% of the operational speed) lower than the third res- 
onance, and it passes to 165,50 Hz (39,72% of the operational speed) after the 
optimization. 


Table 3. Critical speeds around the operational speed. 


Initial Rotor [RPM] | Optimized Rotor [RPM] 


First critical speed 16370 15430 
Second critical speed | 32830 34930 
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Natural frequences [HZ] 
Natural frequences [HZ] 


0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 25 3 3.5 
Rotational frequence [RPM] 10* Rotational frequence [RPM] «104 


Figure 6. Campbell Diagrams before (left) and after (right) the optimization. 


The response in the frequency domain for the 18 node is represented in the Figure 7, 
considering an unbalancing of m,,,,¢ = 110, 53gmm. 
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Figure 7. Response in the frequency domain for the 18* node. 


4 CONCLUSION 


The BESO method was applied in the topology optimization of a Jeffcot rotor, taking 
into account the main characteristics such as gyroscopic effects, stiffness and damp- 
ing. The aim of the work was to increase the frequency span between the second and 
third resonances. 


To deal with the mechanical elements (bearings, impellers and others) that can be 
connected to the shaft, the algorithm only changes the sections where the shaft is free 
of these elements. 


An analytical sensibility analysis was made in order to evaluate the influence of each 
shaft finite element to the objective function, and a volume constraint was imposed 
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besides the chosen optimization parameters to smooth the intermediary topologies as 
well as minimize the mass of the rotating machinery. 


Until the moment this work is done, that is the first application of the BESO method to 
optimize the separation margin in the context of rotordynamics, and the representa- 
tive Jeffcot rotor explored in this work can lead the way to the optimization of complex 
rotating machineries. 
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ABSTRACT 


Turbocharger rotordynamic modelling usually neglects thrust bearing coupling effects 
on lateral oscillations. However, using thrust bearings in turbochargers is mandatory, 
due to the compressor and turbine gas flows axial force imbalances. Furthermore, 
approximating the bearings dynamic characteristics by linear coefficients is not suit- 
able in this rotor-bearing system, because of the high rotational speeds achieved by 
a typical automotive turbocharger. This paper brings a model of the entire turbochar- 
ger, considering the nonlinear behaviour of both thrust and floating ring bearings, with 
thermal effects, analysing the turbocharger response to an axial harmonic excitation 
and the thrust bearing influence on lateral vibrations. 


1 INTRODUCTION 


The current practice of engine downsizing with a turbocharger (TC) requires a great 
knowledge of both the engine and turbocharger behaviours. A reliable model of the 
turbocharger is of primal importance for the development and optimization of newer 
designs. Given the low mass and extremely high rotational speeds achieved by 
a typical automotive turbocharger, high nonlinear phenomena can be observed in 
turbocharger oscillations. To support these high vibrations, the common practice is to 
utilize a floating ring bearing (FRB) to support the rotating shaft. The FRB has proved 
to increase the damping characteristics of radial bearings and it is an optimal choice to 
sustain a high-speed TC [1]. However, because of the two oil films arranged in series, 
with the floating ring working as a mass pedestal between both films, the phenomenon 
of fluid-induced instability is particularly strong in this type of bearing [2]. Either the 
inner film, the outer film, or even both films simultaneously, can induce lateral oscilla- 
tions [3] and recent researches have focused on minimizing these sub-synchronous 
oscillations [4]. 


Several key components may influence the FRB instability, such as the inner or 
outer film clearances, the inner-to-outer film clearances ratio, the bearing lengths, 
the bearing length-to-diameter ratios, the ring size, the mass unbalance level, the 
injection pressure, among others [5]. Study the effect of each parameter in the 
system response is crucial to understand the overall TC dynamic characteristics. 
Recent research has suggested increasing the outer film clearance may reduce, or 
even totally suppress, some sub-synchronous components [6]. However, this is not 
an optimal solution, as other sub-synchronous components may become higher. 
Unfortunately, most works on turbocharger focus in the lateral vibrations, entirely 
neglecting the axial dynamics. Previous works completely neglect axial loads and 
the thrust bearing (TB) effect on the overall turbocharger behaviour [1]-[6]. Just 
recently, a few works have begun to include the TB on the complete turbocharger 
dynamic simulations. Novotny et al. approximated the TB by a linear spring with 
a constant stiffness [7], but improved the TB model to account for nonlinear stiff- 
ness and damping characteristics in a time-transient analysis [8]. The key factor to 
account for the TB nonlinear axial behaviour was the creation of a lookup table, 
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a Database, storing the bearing load-capacity for different oil film thicknesses. This 
so called Database Method, term coined by [9], allows for a fast evaluation of the 
bearing characteristics. However, the most limiting assumption on [8] was neglect- 
ing the TB angular misalignment effects. It has been show [10]-[13] that the angu- 
lar misalignment may influence the axial supported load of a typical turbocharger 
thrust bearing and induce restoring moments in the shaft, affecting the lateral 
dynamics of such systems. The influence of thrust bearings in lateral vibrations has 
already been verified in other types of rotating machines [14], [15], but just 
recently this concept has been applied to turbochargers. Chatzisavvas et al. [10] 
considered the angular misalignment and showed the thrust bearing influence on 
lateral oscillations, emphasizing its capacity on suppressing some sub-synchronous 
components and changing the onset of oil whirl in the lateral oscillations. This model 
was further investigated by Koutsovasilis [11], analysing the influence of the thrust 
bearing position along the axis, noticing the bearing size and position may have 
positive, negative or neutral impact on lateral oscillations. However, the modelling 
of [10], [11], although considering angular misalignments, neglected thermal vari- 
ations, which has also been shown by Peixoto and Cavalca [12], [13] to affect the 
load-carrying capacity of turbocharger thrust bearings. The simplifications adopted 
either by [8], [11] are justifiable, in order to complete a time-transient analysis in 
a reasonable amount of computational time, given the high computational cost of 
solving the Reynolds equation at each time step altogether with the Energy equa- 
tion. To overcome this time problem to analyse transients in turbocharger dynamics, 
but still considering shaft angular misalignment and lubricant thermal effects, the 
proposed Database Method has a great appeal. [7], [8] mention the creation of 
a database to use it in the time integration of the turbocharger dynamic equations, 
but the work focus on the development of the Reynolds equation, and some vari- 
ations of it, to account for different phenomena on the bearings. The analysis 
admits some strong assumptions, that may not be suitable for all turbocharger 
applications, and little detail is given to the Database Method itself. Chasalevris and 
Louis [9] presented a detailed explanation of the Database Method, solving for the 
loads in isothermal floating ring bearings in a turbocharger. The study does not 
focus on the bearing modelling itself, using a simplified isothermal approach, but 
instead compares the Database Method Solution to a Direct Solution, solving the 
Reynolds equation at each time step. The results revealed a great agreement 
between both solutions, evidencing the advantages of the Database Method in 
terms of computational time and noticing the method could be extended to include 
any other desired effect. This work proposes to use the Database Method to model 
thrust bearings, including angular misalignment effects and temperature variations 
in the oil films. The study presents the thrust bearing modelling and the use of the 
Database Method in the analysis. It utilizes the method to study a turbocharger sub- 
ject to a harmonic axial excitation and the coupling effect the thrust bearing may 
have on lateral oscillations. 


2 METHODOLOGY 


The turbocharger model consists of a Finite Element (FE) model of the rotating shaft 
with the compressor and turbine wheels modelled as rigid discs. The rotating shaft is 
supported by floating ring bearings and a double-acting thrust bearing, to support 
both the lateral and axial oscillations. Because the thrust collar, initially parallel to the 
thrust bearing, is attached to the shaft, any shaft rotation imposes a collar rotation, 
inducing restoring moments of the thrust bearing on the shaft, which may influence 
lateral oscillations. The next sections present the FE model of the rotating shaft and 
the bearing models. This entire model is detailed in [13]. We focus on the description 
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of the thrust bearing database and the differences on the response compared to 
a direct solution. 


2.1 Turbocharger model 

Given the high nonlinear characteristics of a typical automotive turbocharger, approxi- 
mating the bearing dynamics by its equivalent linear coefficients is not a suitable 
approach [4], [8], [11], [13]. In order to accurately model the hydrodynamic forces, 
a nonlinear approach must be sought. In order to accomplish it, the turbocharger 
equations of motion are written as: 


Mg + (C—26)q + Kq = fs + fext + fn (2.1) 


wherein in the left-hand side of the equation, the mass, damping, gyroscopic and stiff- 
ness matrix are obtained through a FE modelling of the rotating shaft, compressor and 
turbine wheels [13], [16]. In the right-hand side of the equation, the excitation vector 
is separated in three terms. The first term relates to the static forces, the turbocharger 
weight. The second term relates to the external excitation forces. The third term rep- 
resents the nonlinear hydrodynamic bearing forces. During the time integration of 
these equations of motion, the hydrodynamic forces are considered in its full form, 
instead of approximating it by equivalent stiffness and damping coefficients. Time 
integration is performed utilizing the Newmark integration scheme [13]. 


0.02 g 
Bearing 


structure 


0 0.02 0.04 0.06 0.08 0.1 


Figure 1. (a) TC FE model and (b) FRB variables. 


The FE model utilized in this work is shown in Figure 1a. Nodes 1 and 7 comprise the 
compressor and turbine wheels, as rigid discs. Nodes 5 and 6 represent the floating 
ring bearings at compressor-side (CS) and turbine-side (TS). The double-acting thrust 
bearing is discretized in nodes 2 to 4. Each oil film will produce an axial force and 
restoring moments in the thrust collars in nodes 2 and 4, so the CS thrust bearing is 
located at node 2 and the TS thrust bearing is at node 4. 


2.2 Floating ring bearing lubrication model 

The floating ring bearing is utilized to increase the damping characteristics of a typical 
radial bearing. The outer film, a second layer of lubricant, provides a higher damping 
characteristic to this type of journal bearing [3], [4] and is especially useful to support 
the lateral oscillations in a high-speed turbocharger. A cross section of the floating ring 
bearing, with its main variables, is shown in Figure 1b. The shaft has a radius R,, the 
floating-ring has an inner and outer radius R,; and R,, respectively, and the bearing 
house has a radius R,. The shaft rotates with an angular speed Q,, while the ring 
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rotates with an angular speed Q, induced by fluid shear in the oil films. The inner and 
outer clearances are C, and C}, respectively. Both oil films are assumed to be infinitely 
short, given its dimensions provide a length-to-diameter ratio close to 0.5. The com- 
plete derivation of the short bearing equations modelling the isothermal floating ring 
bearing is provided by [2], while the thermal effects were included and described by 
[13]. Essentially, the inner and outer film forces in both directions and the torques on 
the ring are given by: 


2 2 RŠ Li (2-2, yFis—2Fiy 
Fyz = bh (9; + Q,)R„Li (3) (£) Siyz Ti 27” ae ) T & 5 ) 
RoN (te \7 ¢ uR, LoQ, (¥-For—Z,Foy) (2.2) 
Foyz = Hy QRrolo (2) (£) Joyz» T, = ma Aaa 2 


wherein the dimensionless forces f; o-y- are obtained from short bearing theory applied 
to each film, considering global thermal effects [13]. 


2.3 Thrust bearing lubrication model 

The main geometric variables of a typical turbocharger TB pad are shown in Figures 2a 
and 2b. A TB pad has an inner and outer radii r; and r,, respectively, and an angular 
extent 4. The converging gap has an angular length 6,.,,, and shoulder height s,. The 
minimum oil film thickness is họ. If the thrust collar is able to rotate around the Y and 
Z axes, as illustrated by Figure 2c-f, the oil film profile must consider these rotations. 
The TB modelling is the same as the one described by [12], [13], consisting of a full 
three-dimensional thermo-hydrodynamic model of the entire TB . Pressure distribu- 
tion is governed by the generalized Reynolds Equation (2.3), while temperature is 
governed by the 3D Energy Equation (2.4). Pressure and temperature equations are 
compactly written using the V operator. The integrals Fo, F; and F, in the Reynolds 
equation account for the viscosity variation throughout the oil film thickness, accord- 
ing to Eq. (2.5), and the oil film shape in the TB and its time derivative are described 
by Eqs. (2.6) and (2.7), considering the collar rotations. The pressure and tempera- 
ture equations are solved simultaneously by the Finite Volume Method for all pads in 
the TB and the axial load and restoring moments of the TB are estimated integrating 
the converged pressure over each pad area, Eq. (2.8). 


V - (FoVp) = Q)0(F,/Fo)/20 + oh/at 23 

Pcplu : VT) = V - (kVT) + 1 ( (ev, /ax)? + (0v0/2x)’) 2.4 

— h1 — hx abe gy Fi 2.5 

Fo 0p F pax Fy oe Fo : 
ie ho + su(1 ~g2-) + r(dy sind — 6, 0088), O < ramp a6 
ho + r(@, sin 0 — ¢, cos 0), O> Oramp 

rtiath/Ot = ho + r(4, sin 0 — ġ, cos 6) 2.7 

F; = f prdrdð, M, = Í pr sinĝdrdð, M, = — Í pr’ cos @drdé 28 
4 A A 


Details on the modelling and the implementation on the actual equations to estimate 
the thrust bearing load and restoring moments are given in [12]. 
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Figure 2. (a,b) TB variables, (c) allowable displacements, rotations around 
(d) Y axis and (e) Z axis and (f) displacements along X axis. 


2.4 Thrust bearing database model 

The actual lubrication model described by Eqs. (2.3)-(2.8) is computationally expen- 
sive to solve, due to the coupling between pressure and temperature equations. An 
iterative approach is sought in order to correctly estimate both the pressure and tem- 
perature fields in the oil film in each TB pad. Also, the analysis cannot be simplified to 
only one pad, because the collar rotation induces different pressure distributions on 
each pad. This greatly enhances the computational time to solve the TB governing 
equations. Further simplifications can drastically reduce the computational time to 
solve it, such as the isothermal approach, neglecting heat generation within the bear- 
ing. However, it has been shown this may lead to erroneous predictions [12], [13] and 
the best approach to accurately model the dynamical behaviour of turbochargers sup- 
ported by thrust bearings must consider thermal effects. In a dynamical analysis, 
given the TB high nonlinearities, the Reynolds equation is solved on every step of the 
time integration scheme. To avoid the high computational cost of solving Eqs. (2.3)- 
(2.8) at every step, the Database Method described by [9] will be applied to thrust 
bearings, with correct adaptions. The Database Method consists in creating a lookup 
table, with the TB axial forces and restoring moments, for different input variables, 
such as the collar displacements and velocities, and, once the bearing loads are 
required, an interpolation in this database is performed. Different interpolation 
schemes can be utilized. In this work, we propose to utilize the linear interpolation 
scheme. Some important observations must be done before further developing the 
Database Method: 


1. Different thrust bearings will have different geometry, which means 
a database should be constructed for each different thrust bearing considered 
in the simulations. Given the thrust bearing geometrical parameters 7, ro, 
Orampı Oor Sn ANA Npaa, ONE could consider create one database for every desired 
combination of these parameters. This, however, is not recommended, as the 
database will have some terabytes in size and storage may be problematic. 

2. The same observation is valid for different oil films, if thermal effects are con- 
sidered. Isothermal analysis reduces the number of variables, solving the iso- 
thermal Reynolds equation in dimensionless form. To include thermal 
variations, however, it is necessary to specify the oil parameters p, c, and k and 
the viscosity-temperature relation. Nondimensional analysis can characterize 
heat transfer for different lubricant flows, but still three independent param- 
eters (the Péclet, Eckert and Reynolds numbers) must be defined [12] to 
create the database. Moreover, the dimensionless analysis relies on the defin- 
ition of a reference temperature, usually taken equal to the replacement oil 
temperature, which raises the number of independent variables to at least 
four. The same storage problems may be encountered here if one tries to 
create a single database for different lubricants. 

3. Given a TB and lubricant, the number of variables in the determination of the 
bearing characteristics may be six or seven, depending on whether thermal 
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effects or not will be accounted. If thermal effects will be considered, the rota- 
tional speed is an important parameter related to the shear dissipation in the 
oil film, so it should be considered as an independent input parameter. This 
dependency does not exist under the isothermal hypothesis, as the dimen- 
sionless Reynolds equation is solved. 


Considering the three aforementioned observations, the strategy to develop 
a database accounting for thermal effects considers the fixed-geometry thrust bear- 
ings with known parameters and just one type of lubricant. With that in sight, observ- 
ing the expressions for the bearing load, Eq. (2.8), and its dependence on the 
Reynolds and Energy Equations, (2.3) and (2.4), the oil film shape (2.6) and its 
derivative (2.7), the axial force and restoring moments can be written as a function of 
seven variables: 


Fx, My, M; = fi 23 (Q, ho, dy, bho, by, $+) (2.9) 


After creating a 7D grid for different values of the rotational speed Q, the minimum oil 
film thickness ho, the rotations ¢, and ¢., the squeezing velocity ho and the rotation vel- 
ocities d, and ¢., a database can be stored for each interested parameter and further 
evaluations of the axial load and restoring moments can be quickly performed by a 7D 
interpolation on the database. The database can be extended to store any desired par- 
ameter during the calculations, such as the average oil film temperature on the bear- 
ING, Tave = Tavg (Q, ho, Øy, dz, ho, dy, $+ ) Or even one database for each bearing pad, such as 
Fi = F} (Q, ho, dy, Gz; ho, by; z2); n= 1: Npaa. In this work, we store the TB axial load and 
restoring moments and the overall average lubricant temperature, to further investi- 
gations on thermal effects. The creation of the database should be carefully planned. 
The evaluation of the thrust bearing thermal characteristics is highly cost, and the 
right choice for the input parameters is mandatory to create the database in 
a reasonable amount of time. The displacement variables ho, ¢, and ¢. are restricted to 
geometrical limitations. Given that a double-acting thrust bearing supports the turbo- 
charger, the maximum oil film thickness is the sum of both thrust bearing clearances, 
while, clearly, the minimum value should be zero. The zero value makes no physical 
sense, however, one can discretize this variable starting in a small, but nonzero, 
value. The rotations are limited to the restriction |¢,-r./ho|<0.4, indicating that, with 
the rotation, the film thickness is always positive. The specified limit is smaller than 
1.0 to assure that, in the case of simultaneous rotation ¢, and ¢., the film thickness is 
always positive [12], [15]. The presented simulations suggest it is sufficient to con- 
sider the values 10 - wm < ho < 40- -um and —3- -mrad < ¢,, < 3--mrad in the database cre- 
ation. The geometrical limitations cannot be extended to restrict the velocities. Even 
with the nondimensionalization proposed by [12], whether the variables are the 
dimensional set ho, ¢, and @. or the nondimensional set 4, ¢, and ¢., both sets of vari- 
ables have the domain (—%,%), which makes the variable discretization unfeasible. 
Chasalevris and Louis [9] propose a second change of variables to the dimensionless 
Reynolds equation applied to radial bearings, dividing it by a factor Q and utilizing 
a second variable x, to account for the squeeze term. The proposed change of vari- 
ables, however, is not suitable for the thrust bearing, nor for thermo-hydrodynamic 
analysis. Novotny et al. [8] restricts the approximation velocity of both thrust bearing 
surfaces to a positive, and yet arbitrary, limit, o € (0, pe), but does not mention any 
appropriate value for setting this limit. This approach also neglects strong cavitation 
effects that may appear in the separation of both thrust bearing surfaces (for negative 
velocities). In the absence of any reference value, we propose to create the database 
for the set of variables (2,h0,¢,,¢:,H,,:), wherein the nondimensional variables 
related to the velocity terms are defined as: 
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H=h/r,Q, P = 4, /Q, 9: = ¢ /Q (2.10) 


and the range of each nondimensional variable is restricted to a maximum arbi- 


trary value|H| < Hmax, < y:max. The choice of this arbitrary 


< p, max and la 


Py 
value, however, is not completely random. If one knows, or at least has a good 
estimate, of the maximum operating velocities of the turbocharger, this values are 
promptly ready to use. However, if this information is not known beforehand, we 
recommend the adoption of a maximum estimated velocity following a (simplified) 
isothermal analysis. Given that the isothermal Reynolds equation is much faster to 
evaluate than the generalized Reynolds equation, several techniques can be 
employed to solve the equations-of-motion of the turbocharger. Aside from the 
already established Finite Difference solution, Koutsovasilis approach [11] uses 
a Galerkin form to get a fast approximated solution of the isothermal Reynolds 
equation by means of a truncated series of sine terms. Analytical equations are 
also available to some thrust bearing configurations [17]. Either way, after a time 
transient analysis with an isothermal thrust bearing, a good estimate of the max- 
imum velocities will be known. Given that the load-carrying capacity of 
a turbocharger thrust bearing decreases with the inclusion of thermal effects [12], 
[13], these maximum velocities estimated by the isothermal modelling may be 
multiplied by a safety factor SF in order to get the range within the variables 


H, Pz can be discretized. Our simulations suggest the values of 
-2 x 1074 < H < 2 x 10-4 and —5 x 10-4 < py: < 5 x 1074. 


Creating the database requires solving the governing equations (2.3)-(2.8) for all 
combinations of the input parameters. This is the highly cost operation on the method. 
Its advantage is that the database is evaluated only once. Every further evaluation of 
the thrust bearing performance parameters is done interpolating the desired output 
from the database. Because 7 different input variables are necessary to create the 
database, a 7D multivariate interpolation is necessary. This study restricts to linear 
interpolation, but observe any interpolation scheme can be employed. For multilinear 
interpolation, because we have a function of 7 variables, the 7-linear interpolation will 
be the weighted average of 2’ = 128 neighbour values. Essentially, each parameter 
(the axial force F,, the restoring moments M,. and the fluid film mean temperature 
Tag) will be evaluated as 


128 
o= X N9; (2.11) 


wherein each value 9; is the calculated force/moment/temperature for an input value 
of the 7D grid and the coefficient N; is the weight coefficient of the linear interpolation. 
This is simply an extension of the linear interpolation presented by [9] to a 7D inter- 
polation. The great benefit of the Database Method is the low computational time to 
evaluate the interpolation. It is stated in [9] that this evaluation time is comparable to 
analytical solution evaluations. This greatly reduces the computational evaluation of 
the thrust bearing thermal performance. On average, the implemented routine to 
evaluate the pressure and temperature distributions of a thrust bearing takes 30 to 60 
s to converge, for a known thrust collar rotational speed, displacements and velocities. 
If an excessive number of points on the fluid mesh discretization is utilized, this time 
can greatly increase. The interpolation scheme proposed is independent of the mesh 
size, as the evaluation relies simply on the database interpolation, and this interpol- 
ation time reduces to a few milliseconds, which reduces the total computational time 
to do a turbocharger time transient analysis. 
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2.5 External excitation 

The external axial excitation considered in the turbocharger is a harmonic excitation 
on the turbine node. LUddecke et al. [18] provided some experimental results in 
dimensionless forms of the thrust force in a turbocharger due to engine operation, 
indicating the thrust force from the engine is periodic. They observed that the thrust 
force has a cycle average (static) value directed from the turbine towards the com- 
pressor and the cycle resolved (dynamic) thrust load may vary depending on the oper- 
ation point of turbocharger. In the absence of a better description of the harmonic 
excitation, and noticing that any periodic function can be expanded in a Fourier series, 
the external axial force, applied on node 7, considers only the first Fourier term in the 
series expansion, as described by Eq. (2.12). 


Fos —Ay — A; sin@;t (2.12) 


The negative sign in the equation defines the force direction from the turbine to the 
compressor. The cosine term is also neglected as it introduces only a phase difference 
in the external excitation. Luddecke et al. [18] notices that if the static average value 
is much greater than the dynamic thrust force, almost no axial displacement is 
observed in the rotor. On the other hand, if the amplitude of the oscillating force is 
high, the axial rotor displacement is mainly influenced by the engine load conditions. 
They also provided all results in dimensionless form, dividing the axial thrust forces by 
the turbocharger own weight. Observing these points, in order to observe the axial 
displacement of the rotor, but to also consider the more realistic case of a nonzero 
cycle average thrust force, we admit the terms in Eq. (2.12) to be equal to ten times 
the rotor weight, i.e., 4o = 4; = 10Wrc = 51.3N. The frequency of excitation is composed 
of two pulses at a complete engine revolution [18], so that the excitation frequency is 
approximately œw = 628 rad/s; it is twice the engine speed, admitted for an engine run- 
ning at 50 Hz (3,000 rpm). 


3 RESULTS 


3.1 Turbocharger model 

The turbocharger model is the same one described by [13]. The FE model of the turbo- 
charger shown in Figure 1, whose parameters are listed in Table 1, is composed of six 
beam elements, two rigid discs representing the compressor and turbine wheels, two 
equal rotating floating ring bearings and a double-acting thrust bearing. The oil circu- 
lating in the bearings is the Essolube X2 20W, whose temperature-viscosity relation is 
described by Eq. (3.1). 


u(T) = 0.2023 / (1.000 — 0.04687 + 0.002977) (3.1) 
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Table 1. Finite element model parameters. 


Shaft parameters 


Density (kg/ 
m?) 


Young 
modulus 
(GPa) 


Poisson’s 
ratio (-) 


Diameter (mm) 


Length 
(mm) 


200 


0.30 


11.0 


15.5-1.00- 
1.00- 15.5- 
39.0-33.0 


Rigid discs parameters 


Mass (kg) 


Polar Mol (107° kg.m7) 


Transverse 
MoI (10°° 
kg.m?) 


Compressor 
Wheel 


0.118 


44.0 


32.7 


Turbine 
wheel 


0.326 


81.0 


77.0 


Floating ring bearing geometrical parameters 


Inner film 


Radial 
clearance 
(um) 


Bore radius 
(mm) 


6.5 


Outer film 


9.0 


Ring polar 
Mol (107 
kg.m7) 


Thrust bearing geometrical parameters 


Inner radius 
(mm) 


Outer 
radius 
(mm) 


Shoulder 
height (um) 


Pad 
angular 
extent 


(°) 


Ramp 
angular 
extent 


(°) 


Number of 
pads (-) 


5.5 


10.0 


20.0 


100 


75 


Oil physical parameters 


Density (kg/ 
m?) 


Specific 

heat cap- 
acity (J/ 
kg.°C) 


Thermal conductivity (W/m.°C) 


Inlet oil tem- 
perature (°C) 


880 


1950 


0.130 


100 


3.2 Database method in time transient analysis 

Given the rotor-bearing system model described in the previous section and the exter- 
nal axial harmonic excitation force discussed on Eq. (2.12), it is possible to simulate 
the system time response. In order to observe only the bearing damping characteris- 
tics, the damping matrix of the rotating shaft is assumed to be zero. In addition, in 
order to correctly ascertain the different phenomena in this rotating system, the 
unbalance forces will also be neglected. Finally, the engine excitations due to base 
motion will also be neglected. This assumption corresponds to the investigations of 
Tian et al. [2], who noticed that for rotor speeds higher than 45 krpm, the engine 
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induced vibrations are suppressed by the dominant sub-synchronous oscillations due 
to oil whirl and whip in the FRBs. The simulations are performed for a rotational speed 
of 100 krpm, so it is expect little influence of the engine excitations on the lateral oscil- 
lations. With these assumptions, the work aims to investigate the fluid-induced 
instability presented in the FRBs and the TB coupling effect in lateral oscillations. 


(a) 


t [s] 


Figure 3. — TB axial displacement. (a) direct solution (DS), (b) database solu- 
tion (DB), (c-f) comparison of both solutions at selected time spans. 


Figure 3 presents the axial displacement of the thrust bearing midpoint (node 3 in the 
FE discretization), when the system is subjected to the axial harmonic excitation. Fig- 
ures 3a and 3b present the response utilizing the Direct Solution (DS), solving the 
Reynolds equation at each time step, and the Database Method solution (DB), respect- 
ively. Figures 3c-f highlight different time intervals in order to observe the differences 
utilizing each approach. Figure 3c presents the solution at the very beginning of the 
simulation, Figure 3d, at the instability transition, further explained, Figure 3e, at 
some time after the instability transition and, finally, Figure 3f at the end of the simu- 
lation. Clearly, both approaches do not predict the exact same response, but they 
have an excellent agreement. The biggest differences are observed only during the 
instability transition, in Figure 3d. 


(a) Journal orbit (b) Vertical displacement (c) TS FRB eccentricities 
100 100 DS 1 

pbs 

—— 08B —— 08 


“"100 -50 0 50 100 o 005 01 015 0.2 
y [um] t[s] 


Figure 4. — TS FRB: (a) orbit, (b) vertical displacement and (c) eccentricities. 
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The initial conditions admitted for the simulations are the static equilibrium position of 
the rotor structure. Provided no external loads or perturbations interfere in the float- 
ing ring bearings, the system would remain in this static equilibrium position forever 
[13]. This static equilibrium position, however, is an unstable position. Given that the 
TB may induce bending moments on the shaft, the perturbation from the TB induces 
the FRB instability, as shown in Figure 4a. Figure 4a presents the journal orbit of the 
TS FRB. It is possible to identify the journal rapidly diverges from its initial position, 
but reaches a limit cycle smaller than the bearing clearance and remains within this 
cycle. This can also be observed on the eccentricities of the inner and outer films on 
Figure 4c. Figure 4b presents the vertical displacement of the journal as a function of 
time, during the first half of total time, in order to show the negligible differences of 
both models. A great agreement is observed between both curves. The small differ- 
ences in the lateral response are due to the TB restoring moments estimated by the 
two different methods. 


(a) CS TB temperature (b) TS TB temperature 
130 
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125 BB 

120 
> 
5 ew 118 
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0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 


t[s] t[s] 


Figure 5. — Average oil temperature on CS TB (a) and TS TB (b). 


Thermal effects can also be addressed by the database method. The direct solution is 
extremely cost, as it requires to solve the generalized Reynolds equation altogether 
with the energy equation at every time step during the time integration scheme, while 
the database method just interpolates the values from the lookup table. During the 
time integration scheme, the interpolation of the database method can also be used to 
analyse any other interested parameter. Storing the average temperature of the fluid 
fiim in each TB allows for the comparison of the temperature evolution of both 
schemes. Figure 5 illustrates this behaviour. In Figure 5a, the global average film tem- 
perature of CS TB is shown, as predicted by both methods, while Figure 5b shows the 
TS TB average film temperature. The oscillating predicted behaviour is captured by 
the Database solution. The biggest difference is observed on the TS TB, as the tem- 
perature amplitude oscillation predicted by the Database Method is a little higher than 
the direct solution. Both solutions are capable to show the temperature increase 
during the instability transition and the temperature oscillations due to axial and rota- 
tional motion of the thrust collars. Finally, another important aspect of the Database 
method not revealed in any results is the computational time to evaluate this time 
transient solution. The code for both solutions was written and compiled with Intel 
Visual Fortran 11.1.038 and both solutions were run in a personal computer with an 
Intel Core i7-5500 CPU @ 2.40 GHz processor and 8.00 GB of RAM. The direct solution 
took 3,368 minutes (56 hours) to run, while the database solution took only 2 min- 
utes. That is an impressive gain in terms of computational time and shows the suitabil- 
ity of the Database Method to model thrust bearings and perform thermal transient 
analysis on turbochargers. 
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4 CONCLUSIONS 


This work compared two methods for a time transient analysis of a turbocharger 
supported by floating ring and thrust bearings. The hydrodynamic thrust bearing 
loads and moments are estimated by the generalized Reynolds equation, as ther- 
mal effects are also considered. The two approaches in the time integration were 
to solve the Reynolds equation at each time step (the Direct Solution) or to inter- 
polate it from a lookup table (the Database Method). Both approaches produce 
results in very good agreement, and the suitability of the Database Method over 
the Direct Solution concerns the computational time to evaluate both models. The 
Database Method is an extremely fast model and should pose as an excellent 
alternative to the reliable, but slower, Direct method, solving the governing equa- 
tions every time step. The dynamic simulations of the turbocharger revealed the 
unstable characteristics of the floating ring bearings, as a small perturbation on 
the shaft lateral motion induces a diverging movement of the rotating shaft from 
its static equilibrium position, reaching a limit cycle (smaller than the bearing 
clearances) and remaining within this cycle. When the shaft is axially excited, the 
thrust collar rotations induce restoring moments on the shaft, that are great 
enough to perturb the lateral motion and induce the oil whirl/whip on the floating 
ring bearings. The axial thrust was modelled as a harmonic force, with a mean 
value directed from the turbine to the compressor. The axial response is 
a harmonic motion, and a perturbation on axial displacements is observed in the 
lateral oscillations instability transition, revealing the natural coupling of the axial 
and lateral dynamics. Thermal effects were also addressed and both methods 
could capture the overall behaviour. The temperature variations resemble the axial 
displacement: a harmonic variation of the average film temperature. 
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ABSTRACT 


The main objective of this study is to model a cylindrical roller bearing under elas- 
tohydrodynamic lubrication (EHL) with localized surface defects. The dynamic 
model of the cylindrical roller bearing is applied to a rotor system modeled by the 
finite element method. The load-displacement relationship of the lubricated con- 
tact force model is based on an equivalent EHL stiffness and damping obtained by 
numerical simulation. Comparison results are presented of the frequency spectra 
in simulation with healthy and faulty bearings under EHL and Hertzian classical 
dry contact. 


1 INTRODUCTION 


One of the most frequent failure modes of rolling element bearings is due to sur- 
face defects in raceways and their elements, such as pitting, spalling and cracks. 
Fault prediction is one major actual challenge (1-3) and modeling of rolling 
element bearing defects is a way to make failure prediction methods more 
robust. 


There is an effort to model surface defects in the cylindrical roller bearing, as shown in 
the works of Shao et al. (4), Wang et al. (5) and Liu et al. (6). However, aiming at 
more accuracy between the results of modeling and experiment, Wang et al. (5) sug- 
gested that other factors should be considered during modeling process, as skewing 
between bearing elements and lubrication. 


Due to the reduced contact area and the high load applied to the rolling 
bearings, the most common type of lubrication is the elastohydrodynamic (EHL). 
One major difficulty in roller bearing failure modeling is combining the time- 
varying deflection caused by the localized defect and the effects of the lubricant 
oil film. 


Thus, the objective of this study is to model a cylindrical roller bearing under 
elastohydrodynamic lubrication and to analyze the vibration response with local- 
ized surface defects. A reduced model of a two-degree-of-freedom bearing with 
EHL contact force between raceways and rollers is described with time-varying 
excitation generated by localized defects on raceway surfaces. The dynamic 
model of the cylindrical roller bearing is applied to a rotor system modeled by the 
finite element method. The load-displacement relationship of the lubricated con- 
tact force model is based on an equivalent EHL stiffness and damping. These 
parameters were obtained by numerical simulation of elastohydrodynamic system 
of equations: Reynolds equation and film thickness equation, considering the elas- 
tic deformation on contact area and force balance. Comparative results of the fre- 
quency spectra in simulation with healthy and faulty bearings under EHL and 
Hertzian classical dry contact. 
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2 EHL CONTACT MODEL 


To model the elastohydrodynamic lubricated contact and calculate the equivalent stiff- 
ness and damping coefficients, firstly, it is necessary to solve numerically the EHL 
system of equations. 


2.1 Elastohydrodynamic system of equations 

The EHL system of equations is given by the Reynolds equation, the film thickness 
equation and the equation of motion at the lubricated contact. The variation of viscos- 
ity and density of the fluid in function of pressure are also accounted for due to the 
high pressures on nonconformal contacts. 


The Reynolds equation for a bi-dimensional contact area is: 


ð (ph? dp ô (ph? dp O(ph) _ ,, O(ph) 
ae Ox To n Oy = éus ox te ot (1) 


where p is pressure, A is lubricant film thickness, 7 is viscosity of the lubricant oil, p is 
density of fluid, u, = u; + u is the sum of the velocities of both surfaces in contact and t 
is the time reference. 


The viscosity-pressure and density-pressure relationships used in this work are (7, 8): 


n(p) nyexo{ “2 1 (1 zf (2) 


5.9-108 + nte) 
5.9-10° +p 


joe po( 6) 


where po is the atmospheric pressure, 7) is the viscosity at po, a is the pressure- 
viscosity coefficient and z is the viscosity-pressure ratio. 


In EHL finite line contacts, the film thickness equation can be written as: 


h(x, y, t) = —d(t) a 2 Ji p(y) dx' dy’ (4) 


R EI yy eF 


where ô is the mutual approach between both surfaces in contact, R is the equivalent 
radius of curvature of bodies 1 and 2, given by R~! = Rī! + R3’ and F' is the equivalent 
modulus of elasticity, namely, £’ = 2/[(1 —v7)/E + (1 — 14) /E2]. 


The equation of motion of the EHL contact dynamic surface motion is: 


mòl) + i 1 py, idx dy = f(0) (5) 
YQ 


where f is the external force applied to the contact, m, = zR7/p, is the roller mass in the 
reduced contact, / is the effective length of roller and p, is the material density of 
bodies and ô is the acceleration. 


To solve the system of equations, the numerical methods widely used in EHL 
problems were applied (9): multigrid and MLMI (Multi-Level Multi-Integration). 
During the numerical convergence process, the pressure assumes only non- 
negative values due to cavitation condition accounted (Gumbel cavitation model). 
Once the numerical solution of the EHL finite line contact is evaluated, the 
reduced order force model of lubricated contact can be calculated. 
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2.2 EHL contact stiffness and damping 
The reduced order model of EHL contact force between the rolling element and the 
raceways can be represented in terms of restitutive (stiffness) and dissipative (damp- 
ing) forces - see Figure 1. 

[w 


|r 
EHL film 


A d 


5,5,5] 


Kent CEpL 


Roller-raceway contact EHL contact model 


Figure 1. EHL contact between rolling element and raceway representation 
to a single degree of freedom system. 


According to Tsuha and Cavalca (10, 11), the restitutive force f, of the EHL finite line 
contact of non-profiled roller can be represented as: 


Ji = kenrôðo + AF (6) 


where key, is the equivalent EHL stiffness, 5) is the mutual approach 6 between contact 
bodies when ż = 0 and AF is a surface separation EHL constant. 


The EHL stiffness key, and parameter AF are evaluated by curve fitting the mutual 
approach ô to a range of static contact forces f, when t= 0, using the Levenberg- 
Marquardt method (12). The restitutive force model has the advantage of being an 
explicit force-displacement relation with independent parameters (key, and AF). 


In contrast with the classical Hertzian dry contact model, the lubricated contact force 
model also has a dissipative component based on a viscous damping cgyz: 


fe = como (7) 


To calculate the viscous damping cgy,, the equation of motion must be solved numeric- 
ally in the time domain under free vibration. Rewriting the equation of motion - Eq. 
(5) - as a function of reduced order force parameters: 


m.0(t) + CeHL6(t) + kent 0(t) + AF =f(t) (8) 


Thus, applying a disturbance in displacement as the initial condition of the free vibra- 
tion problem and considering the principle of energy conservation, viscous damping 
Cent Can be calculated for each rotation speed, according to (13): 
_ 1 keep {A0(0)]? 


HOL = 


CEHL 


where Ao = ô — oo. 
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3 ROLLER BEARING WITH LOCALIZED DEFECT 


Once the lubricated contact between the rolling element and raceways are modeled, 
the whole rolling element bearing vibration response can be investigated. In this 
work, the cylindrical roller bearing has two degrees of freedom: translations in y and z 
(see Figure 2). 


(b) 


Figure 2. (a) Cylindrical roller bearing with two degrees of freedom. 
(b) Detail of a localized defect on the outer raceway. 


The EHL restitutive bearing forces are (14): 


F, = Wk Sy, sen(y;) + Yar sen) (10) 


j=l 


F= Yk oy, cos (vs) + Y AF cos(w) (11) 


Jl j=l 


where k is the equivalent EHL stiffness between roller and both inner and outer race- 
ways. The parameter AF, is the equivalent surface separation EHL constant and par- 
ameter ô, is the equivalent displacement, being w; the azimuth angle of qe rolling 
element: 


22. 
Wj = Yo + ottz C — 1) (12) 
where w is the angular position of the reference roller, Z is the number of rolling elem- 
ents and øw. is the rotation speed of the cage: 


P Q-Q 
© 2dm 


(dm — D) (13) 


In Equation (13), 2, is the angular velocity of the outer raceway, Q; the angular vel- 
ocity of the inner race and d,, is the pitch diameter. 
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The equivalent displacement ô,, is then: 


a Pa 
dy, = 5: cos (vs) + dy sen(y;) ae Ha (14) 
where 6, and ô are, respectively, the displacements in directions y and z (Figure 2). 
The parameter P; is the diametral clearance and H; is the defect depth. The localized 
defect considered in this work has a simple straight geometry given by: 
_ f Ag, 6; < mod(@,2zx) < 04 + 6; 

Ha = { 0, other (15) 
The detail of the localized defect can be seen in Figure 2. The parameter A, is the 
maximal additional deflection of defect, 6 is the angular position, 9; is the initial 


angular position of defect from z-axis and 6, is the length of the defect in tangen- 
tial direction. 


Analogous to the restitutive forces, the dissipative forces in the y- and z-axes are: 


Z 


F, = X levy sen (w) (16) 


j=1 


F; = Sioa cos(vy;) (17) 


fl 


where c is the equivalent viscous damping in both raceways and by, is the velocity, or 
the first displacement ô,, derivative from Equation (14): 


dy, =ô, cos(yj) — ô- sen(y;) ý + by sen(y,) + dy cos(y;) wi (18) 


From the explicit equations of the reduced order force, it is possible to insert the 
effects of the roller bearing and its defect on the rotor in time domain. The sum of res- 
titutive and dissipative forces in both y and z directions can be easily included as exter- 
nal forces in the finite element model of the rotating system: 


[M]{q} + ([C] + 2[G) {4} + [K]{q} = {Fe} (18) 


where {q} is the coordinate vector, [M] is the mass matrix, [K] is the rotor stiffness 
matrix, [C] is the shaft proportional damping matrix, [G] is the gyroscopic matrix, {Fe} 
is the external force vector. 


4 RESULTS AND DISCUSSION 


For the case study, cylindrical roller bearings NJ 202 were selected and the geo- 
metric data used in numerical simulation, as in Table 1. The lubricant oil is ISO 
VG 32 at 27°C (a=2.23x 1078 Pa"!, my = 4.879 x 10-*Pa, z= 0.68) and the rotation 
speed is 40 Hz. Four levels with the most discretized grid of 193x193 points were 
used in numerical solution with multilevel methods. For the rotation speed of 40 
Hz, the EHL contact parameters evaluated are: k,=7.94210’N/m, AF, = 62.08N 
and c, =4.77N.s/m. 
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Table 1. Geometry data of cylindrical roller bearing NJ 202. 


Number of cylindrical rollers 


Roller diameter [mm] 


Effective length of roller [mm] 


Bearing pitch diameter [mm] 


Diametral clearance [mm] 0 


In order to study the dynamic behavior due to the localized defect, the rolling element 
bearings were inserted in a rotor finite element model, using Timoshenko beam and 
disc elements. The rotating system is composed of two cylindrical roller bearings NJ 
202, a shaft with 15 mm of diameter, magnetic actuator and disc. In Figure 3, the 
roller bearings are at nodes 2 and 10. The magnetic actuator is located at node 5 and 
it applies a constant horizontal force of 112 N. The disc is at node 8. 


118.00 mm 291.50 mm 148.20 mm 87.90mm , 73.80 mm 
z 
2 5 10 
Journal of 3 


Figure 3. Rotor modeled by finite element method. 


The proportional damping coefficient is 6 =7 x 10-5, the modulus of elasticity of the 
shaft is £ = 2.1 x 10!'!Pa and its density is p = 7860kg/m?. The unbalance given by disc 
mass is 3.1 x 10-4kg.m. First, the rotor is analyzed with healthy bearings, namely, with- 
out any defects (Figure 4). In sequence, the system is evaluated under bearings with 
a localized defect on the outer raceway with a defect depth of Ag = 100, initial angular 
position of the defect 6; = 0° and angular length of the defect 6, = 1° (Figure 5). Finally, 
considering that the localized defect has enlarged, the rotor with bearings with 84 = 5° 
and remaining ^4 = 100 and 6; = 0° (Figure 6). To compare with the EHL contact results, 
the classical Hertzian dry contact model of (15, 16) was applied. From the time 
domain simulations, the DFT (Discrete Fourier Transform) of the cylindrical roller bear- 
ings parameters were calculated. In this work, there are only results of the roller bear- 
ing 1 (Figure 3), since both bearings present similar behavior. Tables 2 and 3 show the 
comparison of DFT amplitude evaluated for the rotation frequency (1x) and RPFO 
(Roller Passing Frequency of Outer) in y-direction and z-direction respectively. The 
rotation frequency (1x) is 40 Hz and the RPFO is 155.6 Hz. 
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Figure 4. DFT of healthy cylindrical roller bearing displacement for Hertzian 
and EHL contacts. 
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Figure 5. DFT of faulty cylindrical roller bearing displacement with angular 
length of the defect 6g = 1°. 
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Figure 6. DFT of faulty cylindrical roller bearing displacement with angular 
length of the defect 6, = 5°. 


Table 2. Comparison of DFT amplitudes for the rotation frequency (1x) 
and RPFO between Hertzian and EHL contacts in the y-direction. 


Localized Localized 
defect defect 
0q = 1° Oq = 5° 


Amplitude 1x - EHL [um] 0.01120 0.01376 0.03463 
Amplitude 1x - Hertz [um] 0.01271 0.01538 0.03607 


Difference of amplitude 1x between 
EHL and Hertz [%] 


Amplitude RPFO - EHL [um] 0 0.02235 0.05485 
Amplitude RPFO - Hertz [um] 0 0.02626 0.06049 


Healthy 


Cases is 
bearing 


13.48 11.77 4.16 


Difference of amplitude of RPFO 
between EHL and Hertz [%] 


17.49 10.28 
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Table 3. Comparison of DFT amplitudes for the rotation frequency (1x) 
and RPFO between Hertzian and EHL contacts in the z-direction. 


Localized Localized 
defect defect 
Oa =1° Oa = 5° 


Amplitude 1x - EHL [um] 0.01120 0.01118 0.01124 
Amplitude 1x - Hertz [um] 0.01396 0.01363 0.01410 


Difference of amplitude 1x between 
EHL and Hertz [%] 


Amplitude RPFO - EHL [um] 0 0.00097 0.02207 
Amplitude RPFO - Hertz [um] 0 0.00138 0.02539 


Healthy 


Cases 
bearing 


24.64 21.91 25.44 


Difference of amplitude of RPFO 
between EHL and Hertz [%] 


42.27 15.04 


For the case with roller bearings without localized defects (Figure 4), there is 
a predominance of the rotation speed of the shaft at 40 Hz. The RPFO does not appear 
significant here, since the EHL contact force model used is linear and the diametral 
clearance of bearing, parameter that creates non-linearities in the system, was con- 
sidered null. When comparing the 1x frequency amplitudes between dry and lubri- 
cated contact conditions, there is are considerable differences in their values. Using 
the EHL contact as a reference for calculation of error between dry and lubricated con- 
tacts, the amplitude of Hertzian contact bearing is 13.48% higher than the EHL roller 
bearing in the y-direction. In the z-direction, the difference is more significant at 
24.64%. In both directions, the amplitudes with the dry contact roller bearing condi- 
tions are higher than EHL case. 


When the roller bearings are modeled with a localized defect in the outer raceway, the 
RPFO and their multiples appear in both directions. In this case, where there is 
a constant force applied in the y-direction by the magnetic actuator, the frequencies 
showed a higher amplitude on the y-axis. Comparing Figures 4 and 5, there is an 
increase in the displacement amplitude of the 1x rotation frequency for dry and lubri- 
cated contact with the defect of 6, = 1°, but the Hertzian problem continues to show 
higher amplitudes. For the 6; = 1° (Figure 5), the values of RPFO amplitude for the dry 
and EHL contact models present significant differences: 17.49% in the y-direction and 
42.27% in the z-direction. 


To simulate a problem when the defect is enlarged, a case with 6; = 5° was analyzed. 
The 1x frequency and RPFO with their multiple harmonics also are shown in the DFT of 
Figure 6. As the values of amplitude of this case are higher than the previous analysis, 
the scale needed to be changed. There is an increase in all amplitudes of frequencies 
for both dry and EHL contact in comparison with case with 84 = 1°, mainly in y-direc- 
tion. The difference between the Hertzian and EHL models is still relevant, reaching 
more than 25% in the 1x amplitude and a 15.04% in the RPFO amplitude in the 
z-direction. 


5 CONCLUSIONS 


Rolling bearings are classic elements in machines and have wide applications in mech- 
anical systems. When a localized defect on the roller bearing surface occurs, there is 
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a significant change in the dynamics of bearing and, consequently, in the rotating 
system. These faults can, therefore, lead to unwanted vibration on the machines. 


When inserting the defect on the outer race, an increase in amplitude was noticed in the 
frequency spectrum in both the 1x rotation frequency and the RPFO with their higher 
harmonics. When enlarging the defect, these amplitudes tend to increase even more. 


When comparing the EHL contact model and the classical Hertzian dry contact model, 
it is noticed that both present the frequencies in the DFT. However, the amplitude 
value is different in frequency spectrum, which reiterates the importance of consider- 
ing lubrication for problems that need precision. This work allows study of roller bear- 
ing defects more accurately by considering the effects of lubrication on roller and 
raceway contacts. Consequently, it is possible to detect bearing failure parameters 
more accurately. 
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ABSTRACT 


In high-speed motorsport power transmission systems, rotordynamic effects are 
often significant. Where several gear pairs and flexible transmission shafts are pre- 
sent, gyroscopic action can lead to considerable speed-driven changes in the natural 
frequencies of coupled lateral-torsional vibration modes. When system excitations 
such as gear meshing are considered, these changes must be taken into account in 
order to confidently model the vibrational responses that occur at the system critical 
speeds. This study applies an analytical finite element method to the targeted prob- 
lem in order to study the system’s behaviour, providing a tool for design and 
diagnostics. 


1 INTRODUCTION 


An accurate understanding of the dynamics of high-speed drivetrain systems is crucial 
to both design and prediction of performance. In a system consisting of many different 
components, such as multiple shafts, gears and rolling element bearings, the consid- 
eration of dynamics phenomena is key to the undertaking of a full system-level ana- 
lysis. In the present study, the natural frequencies and vibrational modes of the 
system are gained through the application of rotordynamics to a high-speed gearbox. 
Analysis of the forced vibration response of the system is included, considering non- 
linear representations of the gear mesh and rolling element bearings. 


The gyroscopic effect is of great importance to accurately predicting the natural fre- 
quencies of a rotating system. This effect arises as a result of rocking motions as 
a laterally deflected rotor rotates. Where this rocking motion coincides with 
a component (e.g. gear) or a flexible shaft element passing through the centreline of 
the undeflected rotor, the varying angular momentum due to rocking induces a torque 
that is a function of the rate of change of the slope with respect to the undeflected cen- 
treline. Figure 1 illustrates the generation of the above torque 7, where the dashed 
outline represents the deflected rotor of polar moment of inertia J, at an angle @ to the 
undeflected centreline. Naturally, torque T is also a function of the spin speed w. The 
system sees this effect as a spring of variable stiffness (stiffening effect). As such, the 
natural frequency of a particular lateral vibration mode with rocking motion varies 
with spin speed, with effects pronounced at the highest speeds. It is therefore essen- 
tial to include the above in the analysis of a high-speed rotating system. 
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Gyroscopic torque: 
T = Iwọ 
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Figure 1. Generation of gyroscopic torque in a rotating shaft with a mounted 
disk. 


Commonly, analytical methods for studying rotating systems consist of a finite elem- 
ent formulation in which the mass, stiffness, gyroscopic and damping matrices are 
derived for each component, then assembled into larger matrices which are applicable 
to the system as a whole. The process is described in detail by Rao (1), of which vari- 
ations and developments are employed in several works (2-6). A useful summary of 
the various analytical techniques employed in rotordynamics is provided by 
Nelson (7). 


Studies in the rotordynamics of dual-shaft geared systems are well documented. Rao 
et al. (8) investigated a turbine system with slender shaft elements and a spur gear 
pair, in which significant changes in the natural frequencies of coupled lateral-torsional 
modes were observed due to gyroscopic action. Coupling of lateral-torsional modes 
means that both lateral and torsional mode shapes can participate simultaneously at 
the same natural frequency. They are coupled by the action of the gear mesh (9,10). 
Chen et al. (11) and Hu et al. (12) studied finite element shaft-bearing systems con- 
nected by helical gear pairs and spur gear pairs respectively. Their applications are 
automotive, hence shafts are shorter and have greater diameter-to-length ratios than 
in the case of Rao et al. (8). Both studies employ nonlinear representations of gear 
mesh stiffness to investigate vibration response, whereas in the majority of the afore- 
mentioned studies, the gear mesh and bearings are represented as linear components 
with constant stiffness. More complex, i.e. nonlinear representations of these compo- 
nents tend to be confined to studies focused primarily on gear mesh and/or bearing 
dynamics (13-18). Shafts are often rigid (13,15,18) or treated as flexible (17,19). 
However, a recent study by Hu et al. (20) also applies flexible shaft formulations to 
a dual-shaft problem with nonlinear gear mesh terms. In this study, the bearing stiff- 
nesses are linear. Detailed studies presenting frequency response functions of gear 
vibrations, including vibration response with an increased amplitude across an excita- 
tion frequency region near to the gear pair’s natural frequency (nonlinear hardening/ 
softening behaviour) are presented by several authors in computation (13,15,16) and 
experiment (15,21). The new aspect of the current work is to combine the methodolo- 
gies of finite element rotordynamics and nonlinearities of both the gear pair and rolling 
element bearings into a single study. Additionally, the targeted problem involves high 
speeds associated with race applications, and greater geometrical complexity as 
a result of the presence of several gear pair and bearing components, and cross- 
sectional variations in the transmission shafts. 
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2 SYSTEM GEOMETRY AND COMPONENTS 


The eight-speed drivetrain system used for the present study is shown in Figure 2. It 
consists of input and output hollow shafts supported by four rolling element bearings, 
with eight steel spur gear pairs mounted on the shafts. The engaged gear pair is 
shown in red. In order to generate the governing equations of motion, the system is 
de-constructed into its constituent parts, to which representations are applied. Equa- 
tions for each component are then re-assembled to form the mass, stiffness, gyro- 
scopic and damping matrices for the full system. 


Output 
shaft 
B \ Gear ~ 
earings Pairs 
Input 
shaft 
x 


Figure 2. Layout of the drivetrain system. 


Nodes are placed within the system at locations where a component (gear wheel or 
bearing) is encountered, or a shaft cross-section changes. They are numbered moving 
from left-to-right, starting with the first node at the left-most end of the input shaft. 
Upon reaching the right-most end, numbering continues at the left-most end of the 
output shaft. A global coordinate system is shown in Figure 2, in which rotations about 
the principal axes follow the right-hand rule. The motion of the ith node is described 
by the column vector: 


{q}; = {vi wi Oi pi ai)” (1) 


In Eq. (1), v and w denote lateral motions, along the x- and y- axes respectively. O 
and @ are the angles of rotation (slopes) about the same axes. The angle a represents 
the angle of rotation about the z-axis, which is the sense of shaft spin. As there are to 
be no external sources imparting axial motion upon the system and the gears are 
spur, axial motion is expected to be negligible compared to the rotational and bending 
motions. As such, the translation along the z-axis is omitted. 


Bearings are modelled as two-dimensional massless components, with principal axes 
coinciding with the x- and y-axes of their nodes (Figure 3). In the time-domain 
response problem, restoring forces are developed in the bearings in response to 
deflections v and w along these axes. These forces are a summation of the radial loads 
taken by each rolling element, resolved along the x- and y-axes. The forces are 
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a function of the angular positions of the rollers, the roller-to-raceway contact stiff- 
ness, the rotation frequency of the retaining cage, the geometry of the bearing and 
the lateral deflections of the system at the bearing node. In the present study, the 
bearings have zero clearance. The reader is referred to Mohammad-Pour et al. (14) for 
the detailed derivation. For the purposes of the eigen problem, the bearings are sim- 
plified as parallel spring-dampers aligned to the x- and y-axes, with a constant linear 
stiffness value as the overall mean stiffness of the bearing. 


Figure 3. Principal axes of rolling element bearings. O; = angular position of 
the ith roller, W; = restoring force of the ith roller. 


The gear wheels are represented by purely inertial rigid disks with zero thickness, 
therefore they make no contribution to the stiffness of the system and the total length 
of a shaft is divided amongst shaft elements. As both bearings and gear wheels coin- 
cide with single nodes, their associated matrices are of order 5. The individual terms 
constituting these matrices are taken from Rao et al. (8) and Chen et al. (11). 


The lengths of the shaft connecting the nodes of the system are modelled as flexible 
elements, constructed using a Timoshenko beam formulation with distributed mass 
and gyroscopic terms. Such a formulation is necessary if inertial and gyroscopic 
effects are expected to be significant (22). The shafts have stiffness in bending and 
torsion. As the elements are constrained by two nodes, the matrices of a shaft element 
are of order 10. In order to join the two shafts together and couple them, terms for the 
gear mesh of the engaged gear pair must be added. The gear mesh stiffness is 
a function of the teeth geometry and applied load, which vary as the gear pair rotates. 
In the time-domain problem, the gear mesh stiffness k„ is expressed as a Fourier 
series: 


km (ap) = ko + 5 [an cos(nzpap) + bysin (nzpap) | (2) 


n=1 


In Eq. (2), a is the angular displacement of the pinion, z, is the number of teeth on the 
pinion, and ko, a, and b, are Fourier coefficients calculated from Loaded Tooth Contact 
Analysis (LTCA). The dynamic transmission error (DTE), u, must be calculated, which 
is the difference between the ideal positions of the pinion and gear and their actual 
positions as aresult of tooth and shaft deflections under loading, commonly used for 
analysis of vibrations in geared systems. It is shown in Eq. (3), in which tpg are the 
base radii of the pinion and gear. 
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U = Vg — Vp — (rpp + gg) (3) 


The mesh stiffness is acting using a backlash switching function, which compares 
the magnitude of the DTE to the size of half of the backlash of the gear pair in 
order to determine whether there is contact on the tooth driving face, reverse face, 
or no contact between the interacting teeth (13,15). Similar to the bearings, the 
terms are linearised for the eigen problem, in which only the mean stiffness ko is 
used. The reader is referred to Rao et al (8) for the derivation of the gear mesh 
stiffness matrix, and Chen et al (11) for the damping matrix and method for locat- 
ing the gear mesh terms within the stiffness and damping matrices of the full 
system. 


3 EIGEN PROBLEM 


The matrices of the full system are assembled by stepping from left-to-right through 
the system, and summing terms at nodes which have contributions to the same mat- 
rices by different components. A column vector is thus formed, containing all 
n degrees of freedom of the system: 


a} = {Cabo ahs” (dena? } (4) 


All system matrices are of the order n. The assembled and coupled equations of 
motion of the system are: 


[M] {4} + (Q1[G] + [C]) {a} + [K] {9} = {Q} (5) 


In Eq. (5), [M] represents the mass/inertia matrix, [G] is the gyroscopic matrix, [C] is 
the damping matrix, [K] is the stiffness matrix and {Q} is the vector of external forces. 
Q, is the rotational speed of the input shaft. For the eigen problem, the linearised 
terms for the bearing and gear mesh stiffnesses are used as described in Section 2, 
and the vector {Q} is filled with zeros. The damped modal analysis method and charac- 
teristic determinant method described by Meirovitch (23) are followed in order to 
solve for the natural frequencies. An undamped method is used to find the mode 
shapes (24). 


4 VIBRATION RESPONSE 


In order to produce the vibration response of the system, the gear mesh nonlinearities 
(time-varying mesh stiffness and backlash) are added to the [K] matrix, rendering it 
time-varying. The bearing stiffness terms are removed from the [K] matrix and the 
restoring forces are placed in vector {Q} as reaction loads. The model is driven by the 
speed of the input shaft, which is given as akinematic input to the equations of motion 
at asingle node of the input shaft. Aresistive torque is applied at the final node of the 
output shaft. The equations of motion are solved for aconstant speed and torque using 
acommercially-available ODE solver to produce the displacement and velocity time- 
histories for all degrees of freedom. The coordinate system can be rotated about its z- 
axis such that the x- and y- axes align to the line of action (LOA) and off-line of action 
(OLOA) of the gear mesh, respectively. This way, the behaviour of the bearings is 
more easily studied, as the dominant force applied to the bearings is expected to align 
to the x-axis. The basic information of the system, including orders of magnitude of 
stiffness values, is presented in Table 1. 
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Table 1. System Parameters. 


Parameter 


Shaft material density 


Shaft modulus of elasticity 


Shaft Poisson’s ratio 


Bearing and gear mesh linear stiffnesses o (108) 


Total backlash of gear pair 24 


Number of teeth on pinion of engaged gear pair | 23 
Total inertia of input shaft assembly 0.00325 
Total inertia of output shaft assembly 0.00419 


5 RESULTS 


5.1 Natural frequencies 

The Campbell Diagram for the system is displayed in Figure 4. The horizontal lines rep- 
resent the damped natural frequencies (modes) of the system, which vary as a function 
of the spin speed due to the gyroscopic effect. Modes with torsional participation are 
shown in blue. The mode with a natural frequency near 0 Hz is a torsional rigid body 
mode. No rigid body modes are found for the lateral motions, as these motions are con- 
strained by the bearings. The red diagonal line is the Synchronous Whirl Line (SWL), 
which in this study is the meshing frequency of the engaged gear pair, calculated as the 
number of teeth of the pinion multiplied by the spin speed of the input shaft. This is 
chosen as the action of the gear mesh is a significant source of internal excitation. The 
spin speeds at which the SWL intersects the natural frequencies are known as the crit- 
ical speeds of the system, at which the corresponding natural frequency is excited. 


Econ Campbell Plot for Selected System Modes 


| 


4500} 


| 


4000 


3500 


3000 


2500 


2000 


Natural frequency (Hz) 


tl 


1500 


1000 


_ teem meee 
i 

500 n z z z z z z - 
| / 


0 


o 


2000 4000 6000 8000 10000 12000 14000 
Spin Speed (rpm) 


Figure 4. Campbell diagram for the examined system. 
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5.2 Resonances 

In order to study the vibration response of the system, the analyses of two types of 
resonance are presented. In the first case, the natural frequency of the engaged gear 
pair according to the gear mesh stiffness and total inertia of the system is targeted to 
be excited. In the second, a flexible system natural frequency calculated from the 
eigen problem (Campbell Diagram) is targeted. 


5.2.1 Case 1 - gear pair natural frequency 

First, a natural frequency excitation case is considered which involves the action of the 
gear mesh alone, and does not account for the flexibilities of the shaft. Therefore, this 
case does not appear in the Campbell Diagram. To calculate the natural frequency of 
the gear pair, a characteristic mass and stiffness are required. For the stiffness, the 
constant term kg of the meshing stiffness Fourier series is used. An equivalent 
mass m is calculated from the total inertia of the components on the input and output 
shafts, and the base radii of the engaged pinion and gear (13). The natural frequency 
@o is then: 


wo = Vko/m (6) 


For the engaged gear pair used to produce the Campbell Diagram, the spin speed 
at which this natural frequency coincides with the meshing frequency is low in 
comparison to the typical operating speeds of the system. Therefore, a different 
gear pair is selected in order to study this case, whose natural frequency fall 
within the duty cycle. The new gear pair has 13 teeth on the pinion and is located 
at the right-most end of the shafts (Figure 2). The frequency calculated using Eq. 
(6) is 1237 Hz, which matches the gear mesh frequency at an input shaft speed 
of 5709 rpm. However, excitation at this frequency is difficult to achieve due to 
the comparatively low torque transmitted by the system at this speed. Despite 
this, excitation at a greater speed corresponding to a greater duty torque may be 
possible, due to the broadband excitation behaviour that can be observed as 
a result of the nonlinearity of the gear mesh. In a linear system, the response at 
the resonant frequency is characterised by a single peak in the frequency 
response function, where the excitation frequency is equal to the natural fre- 
quency. With nonlinear stiffness terms, this peak becomes bent, broadening the 
range around the gear pair’s natural frequency over which excitation is possible. 
As such, a higher speed can be chosen which is desired to fall within this range. 
Two simulations are performed with a duration of 1 s, in order to study the 
behaviour within and away from this region. Torque values are chosen from a real 
race duty cycle to correspond to the speeds in this gear. 


1. Input shaft speed of 6628 rpm, with input shaft torque of 220 Nm (close to 
natural frequency of the gear pair). 

2. Input shaft speed of 8002 rpm, with input shaft torque of 253 Nm (away from 
the natural frequency of the gear pair). 


In order to ascertain the excitation of the gear pair’s natural frequency, the magnitude 
of the DTE is compared between the two simulations. The time histories of the DTE for 
the final few cycles of motion are displayed in Figure 5. The size of oscillations in the 
first simulation is greater, with a peak-to-peak value of 14.2 um compared to 13.2 um 
in the second simulation. The difference in amplitudes indicates that the gear mesh 
excitation frequency corresponding to the input speed of 6628 rpm may lie within the 
frequency region of greater response amplitude in the frequency response function of 
the nonlinear system. The mean value of the DTE is higher in the second simulation, 
measuring 78.6 um compared to 69.9 um. This is due to the greater torque acting 
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upon the system in the second simulation, as greater tooth deflection due to higher 
transmitted torque moves the DTE further away from the half-backlash limit, which is 
12 um in this case. 


5.2.2 Case 2 - system natural frequency 

To activate a flexible natural frequency of the system, the model must be driven at 
a critical speed. The crossover point at 11150 rpm between the SWL (gear meshing 
frequency) and a vibration mode of the system is selected and indicated by the green 
circle in Figure 4. A simulation is performed at constant input speed of 11150 rpm and 
high torque of 540 Nm, which is representative of race conditions. In order to deter- 
mine the activation of the selected vibration mode, the mode shapes found from the 
Eigen problem are compared to the forced response. This physical shape is produced 
by plotting instantaneous lateral and torsional displacements of all the system nodes 
at their respective locations. The comparison is shown in Figure 6. 


The eigen problem predicts a shape in the x-direction of the output shaft correspond- 
ing to a 2™ lateral mode, with negligible deflection in the input shaft in comparison. 
However, the simulation results show shapes of a 1% mode. This difference may be 
a result of modal damping content. Each mode in the Campbell Diagram (Figure 4) is 
associated with a particular damping ratio for vibration at that mode. The value of this 
ratio increases for higher modes. In this case, the higher order modes may be damp- 
ened, including the mode at which the mesh frequency is targeted here. 


It is observed that the shape of the expected bent shape of the input shaft in the y-dir- 
ection is produced in the time domain simulation, albeit mirrored about the plot’s 
x-axis at the selected instant. As the LOA of the gear pair aligns to the x-direction of 
the system (Figure 2), the gear mesh excitation force is not applied in the perpendicu- 
lar y-direction, hence the system is allowed to vibrate freely in this plane and the 
effects of modal damping with excitation are not significant. The torsional deflection of 
the input shaft traces a similar shape to that predicted by the mode shape, again mir- 
rored about the plot’s x-axis. 
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Figure 5. DTE time histories for two selected cases of speed and torque. 
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Figure 6. A) Mode shapes at the chosen system natural frequency, b) shapes 
of the deflected shaft (forced vibration response). 


5.3 Rolling element bearing response 

The behaviour of the rolling element bearings is briefly studied using the results of the 
first simulation in section 5.2.1. The radial deflection and its associated wavelet spec- 
trum, as well as the loads in x- and y-directions of a single roller in the leftmost bear- 
ing of the input shaft (Figure 2) are shown in Figure 7. The timeframe used to produce 
the wavelet is longer than that used for the time histories, for the purposes of greater 
clarity. 
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Figure 7. Time histories of bearing roller deflection and load. 


The periodic nature of the deflection time history is consistent with the roller moving 
into and out of the loaded zone of the bearing, at the frequency of rotation of the 
retaining cage (~ 45.4 Hz). The higher-frequency components of this motion corres- 
pond to the gear meshing frequency (~ 1440 Hz) and its third harmonic (~ 4320 Hz). 
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The strength of these components in the roller deflection signal grows and disappears 
as the roller enters and leaves the loaded zone. The presence of these frequencies in 
the roller deflection spectrum agrees qualitatively with the results of Mohammad-Pour 
et al. (14). The alignment of the gear pair’s LOA to the x-axis of the bearing leads to 
negligible deflection of the bearing centre in y-direction in comparison to that which 
occurs in x-direction. As such, a high load is taken by the roller in x-direction, the sign 
of which does not change. The reaction load of a single roller is radial and thus acts 
towards the centre of the bearing (Figure 3). Although there is negligible centre 
deflection in y-direction, a portion of this radial load is exerted in y-. The sign of this 
load changes as the roller passes through the centre of the bearing loaded zone. The 
sum of the loads in y-direction for all rollers in the loaded zone is close to zero, hence 
there is negligible resultant reaction load produced. This is consistent with the negli- 
gible deflection in the same direction that is imparted upon the bearing. 


6 CONCLUSIONS 


The following conclusions are drawn from the analysis presented. 


1. The method of constructing the system's equations of motion combined with the 
damped modal analysis technique employed to solve the eigen problem provides 
a good picture of the system's rotordynamics in the frequency domain, including 
the gyroscopic effect. This is expounded by excitation of the system at a critical 
speed. Differences between the predicted mode shape and the shape of the 
deflected rotor during such excitation are likely due to the effects of modal damp- 
ing in the simulation model under excitation with respect to the eigen problem. 

2. Comparison between DTE results obtained from excitation near to and far 
from the gear pair natural frequency indicates that activation of response near 
to the natural frequency is achievable. 

3. The rolling element bearings respond in the expected manner, with strong con- 
tributions from the gear mesh frequency, its harmonics and the cage rotation 
frequency to the response histories of a single roller. 


The presented study of a full gearbox arrangement provides a tool through which pre- 
viously established finite element rotordynamics methodologies can be applied along- 
side nonlinear gear mesh and rolling element bearing representations to high speed 
problems with complex geometry. This can act as a driver for system design and 
a source of boundary conditions or pre-diagnostics for bearing vibrational, misalign- 
ment and tribo-dynamic studies. 


Further work would aim to complete the picture surrounding the frequency response 
curve near to the natural frequency of the gear pair, by simulating more speed cases 
and studying how the magnitude of the DTE changes between each. Experimental 
measurements are required in order to provide an independent validation of both the 
results of the eigen problem and the forced vibration response of the system. 
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ABSTRACT 


In rotordynamics, hydrodynamic bearings are vital components. Throughout history, 
several types of bearing geometries have been developed since the classical cylin- 
drical bearings are susceptible to instability at high rotating speeds and/or low loads. 
However, it was found that preloaded segments in lobed geometries could postpone 
the instability threshold. Among the bearings with fixed geometry, elliptical and three- 
lobe bearings are the most used. The elliptical bearing consists of two circular arcs, 
being these centres located in the same line. Instead, the three-lobed bearing consists 
of three eccentric lobes, in which the centre of each lobe is equally spaced, often pro- 
ducing three wedges of hydrodynamic pressure. An important parameter that charac- 
terizes these bearings is the preload, defined by the ratio between the distance of the 
lobe’s centre of curvature and the bearing radial clearance. Another critical feature of 
hydrodynamic bearings is that, depending on the rotor operating conditions, the bear- 
ings may exhibit nonlinear behavior. In these cases, the dynamics of the oil film can no 
longer be represented by the classical linear theory. Therefore, there is a need to use 
nonlinear forces derived directly from the solution of Reynolds equation to model the 
bearings, resulting in a high computational effort, since this equation must be solved 
at each time instant. In this context, the goal of the present paper is to evaluate the 
influence of preload on elliptical and three-lobed bearings regarding the linearization 
of the hydrodynamic forces, defining when the linear model can, or cannot, satisfac- 
torily represent the system. In addition, different rotor rotating speeds are evaluated 
to verify the influence of this operational parameter on the liner or nonlinear character 
of the hydrodynamic forces. 


1 INTRODUCTION 


In Rotordynamics, hydrodynamic bearings are vital components since they accommo- 
date the shaft in its interior and transmit forces between rotating parts, being indi- 
cated in cases with high loads and high rotating speeds. Therefore, they are the 
intermediary components between the support structure and rotor that transmit 
vibrations from one part to another. Thus, the dynamic characteristics of the rotor are 
highly influenced by bearings properties, even causing instability problems that arise 
at high rotating speeds, especially when cylindrical geometry bearings are used. Sev- 
eral types of bearing geometries have been developed since classical cylindrical bear- 
ings are susceptible to instability at high rotating speeds and/or low loads. However, it 
was found that preloaded segments in lobed geometries could postpone the instability 
threshold. Among all types of bearings with fixed geometry, the elliptical and three- 
lobed are the most used. 


The behaviour of the oil film (inside the bearing) is governed by the Reynolds equa- 
tion, which consists in a classical approach for hydrodynamic lubrication problems. 
Several attempts to solve the Reynolds equation have been made throughout history, 
since it is a differential equation with no complete analytical solution. Onward progress 
of computer science, mainly after mid-twentieth century, made complete numerical 
solution becomes viable. Pinkus (1), (2) and (3) are examples of contributions 
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towards the correct analysis, with proper boundary conditions, obtaining the pressure 
distribution in elliptical, partial arc and three-lobed bearings, respectively. 


One of the most traditional ways for representing the dynamics of hydrodynamic bear- 
ings is through using equivalent stiffness and damping coefficients. This methodology 
was originally developed by Lund (4,5). To obtain these coefficients, it is necessary to 
linearize the hydrodynamic forces around the equilibrium position of the shaft inside 
the bearing radial clearance. Since then, linear coefficients became more used to rep- 
resent the influence of bearings on rotating systems responses, as can be seen 
in (6-9). 


However, hydrodynamic bearings may have a highly nonlinear nature, depending on 
the operating condition, in which new phenomena related to the presence of subhar- 
monics, superharmonics or chaotic vibrations can develop. Under these conditions, 
the use of linear stiffness and damping coefficients to calculate the rotor’s dynamic 
response can generate results that do not match experimental conditions revealed by 
real machines, since the bearings nonlinear behaviour influences the equation of 
motion of the entire rotating system. Many studies have been published in order to 
improve the understanding of nonlinearities in journal bearings, both with regard to 
conditions of instability that the machine can present (10,11), as well as in operational 
and more realistic conditions (12-17). 


Still regarding the studies of nonlinear effects in hydrodynamic bearings, analysing 
different approaches for calculating hydrodynamic forces, Zhao et al. (18) propose 
three models to describe hydrodynamic forces through nonlinear coefficients. The 
study concluded that under conditions of high amplitude of excitation, in which 
linear model is no longer valid, all models were consistent, bringing results close 
to each other. In particular, using a model with 24 coefficients, the reliability of 
the calculated hydrodynamic forces was improved. Yang et al. (19) compared the 
hydrodynamic forces calculated analytically via dynamic coefficients. The results 
showed that when more orders of dynamic coefficients are included in 
a representative model, the approximated forces are more consistent with analyt- 
ical solutions. In the same way, Alves (20) developed a model including nonlinear 
coefficients for calculating the hydrodynamic forces, obtained through expansion 
of these forces in Taylor series up to the 5th order. It was verified, through experi- 
mental validation, that the response obtained through nonlinear coefficients 
in situations without the presence of external controls in the system, were satis- 
factory, with slight results discrepancies due to effects such as misalignment and 
bow. Zhang et al. (21) managed to perform an analytical manipulation, by separ- 
ation of variables, of the particular and homogeneous solutions of Reynolds Equa- 
tion in additive and multiplicative terms, obtaining three linear differential 
equations. A semi-analytical model for nonlinear forces of oil films was proposed 
for hydrodynamic bearings with 2 axial grooves. The comparative results of forces 
were shown to be in agreement with the results obtained by finite difference 
method. 


In this context, the present paper investigates differences in linear and nonlinear 
models for hydrodynamic forces present in elliptical and three-lobed journal bearings, 
with system operating under high loading conditions. Several numerical simulations 
were performed varying the preload parameter and the rotating speed of the system. 
The presented analyses are of great importance for mapping the influence of nonlinea- 
rities in different types of lobed journal bearings with fixed geometry, through assess- 
ing the influences of preload parameter on the system's dynamic response. This study 
is important since there are few published papers dealing with the influence of nonli- 
nearities of hydrodynamic bearings on the behaviour of rotating systems under oper- 
ating conditions. 
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It is also important to highlight that the results presented here can be used for imme- 
diate application focuses on the time domain simulation of rotors supported by lobed 
hydrodynamic bearings operating near nonlinear conditions. Computational model- 
based analysis such as fault detection and vibration control of rotating machines can 
be significantly more efficient by correctly identifying the presence of high nonlineari- 
ties, improving the quality of simulations and bringing direct benefits, specially, to the 
industry. 


2 MATERIALS AND METHODS 


2.1 Reynolds Equation and Multi-lobe Journal Bearings 

Reynolds equation is considered the basis of the classical theory of hydrodynamic 
lubrication. This equation is formulated assuming a viscous fluid, applying together 
the conservation of momentum and continuity equation. The solution of the Reynolds 
equation, for hydrodynamic bearings, provides the fluid pressure distribution, infor- 
mation necessary to analyse the vast majority of basic problems in this matter. Its 
origin comes from the Navier-Stokes equations, adopting some simplifying hypoth- 
eses in the model. The lubricant is considered as a Newtonian fluid and its viscosity is 
constant over the entire length of the oil film, which flow is considered laminar. Fur- 
thermore, the radius of curvature of the bearing is much greater than the oil film thick- 
ness, enabling to ignore the effects of the fluid curvature. Another important 
simplifying hypothesis is that over the oil film thickness, the pressure is considered 
constant, since thickness is very small in relation to the shaft radius. Eq. (1) shows the 
Reynolds equation in its isothermal form, considering a dynamic loading in the journal 
bearing. 


ê (,36P\ . 8 (,30P ah | 45 oh 
a0 (r as) "az (r =) =U ag + Lene (1) 
where @ is the coordinate in circumferential direction, z the coordinate in axial direc- 
tion, h the oil film thickness, U the relative velocity in tangential direction between 
journal and bearing’s surface, p is the pressure and x the fluid viscosity. It is important 
to mention that in this work the cavitation model known as Swift-stieber Condition or 
Reynolds Condition was used. 


In order to obtain the pressure field, it is necessary to calculate the oil film thick- 
ness in advance. This calculation differs for each type of bearing, being essential 
the analysis of the geometries with the load W referring to rotor weight, as can 
be seen in Figure (1). The distance e connecting the centres of bearing and shaft 
is called “eccentricity”. With the radial clearance C, it is possible to define the 
“eccentricity ratio” as n = e/C,. The angle ¢ between the Y direction and the line 
of centres is called “attitude angle”. 
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Figure 1. Basic geometry for multi-lobe journal bearings: (a) elliptical; 
(b) three-lobed. 


Elliptical bearings consist of two circular arcs, with centres equidistant from bearing’s 
centre by the “ellipticity” parameter 6. Defining the “ellipticity ratio” as = ¢/6, it is pos- 
sible to write for each lobe the “eccentricity ratio” and the “equilibrium angles” for 
elliptical bearings as can be seen in Eq. (2) and Eq. (3) respectively. These two param- 
eters are necessary to calculate the oil film thickness and consequently the pressure 
field. 


ny = Yn? + m2 +2nmcos¢; nz = y/n? +m? — 2nm cos ġ (2) 


. /N sen . [N sen 
aı = arcsin b ; @2 = arcsin b (3) 
n N2 


1 


The tri-lobed bearing, on the other hand, consists of the intersection of three circular 
arcs with centres equally spaced by the ellipticity. Equations (4) and (5) contain, 
respectively, “eccentricity ratio” and the “equilibrium angles” for this type of noncircu- 
lar journal bearing. As well as the elliptical bearing, these parameters are necessary to 
calculate the oil film thickness and consequently the pressure field. 
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ng = /n2+m2+2nmcos¢; Ng = yr +m? — 2nm cos (5+ 9); 


n, = yr +m? — 2nm cos (5 — ) 


. (nsend 27 . [nsin(5 + ¢) 
ag = arcsin ; aR= arcsin i 
ng 3 NR (5) 
2r _ [a sin(§ - $) 
a, = = — arcsin |—— = 
3 L 


2.2 Hydrodynamic Forces 

The forces resulting from the pressure distribution of the oil film, inside the bearing, 
can be obtained directly by numerical integration, calculating the components of the 
hydrodynamic force in the local frame (radial and tangential directions), as shown in 
Eq. (6). Having the “attitude angle” ¢ it is possible to recalculate the hydrodynamic 
forces in the reference frame (x and y directions), as can be seen in Eq. (7). This meth- 
odology results in the nonlinear calculation of the forces, since it takes into account 
the direct integration of the pressure distribution along the lubricant. 


sind 


Ae ate eee (7) 
Fy Fr cos ġ + Fy sing 

For calculating the linear forces, the finite disturbances technique, around the equilib- 
rium position, proposed by Lund (4,5) is used. First, the equilibrium position is calcu- 
lated, then the dynamic stiffness and damping coefficients of the bearing are 
determined by calculating partial derivative of the forces around this equilibrium pos- 
ition (Eq. (8)). Eq. (9) shows the linearized forces through a first-order Taylor series 


expansion, being Fyo and Fyo the forces at journal equilibrium position. (Ax, Ay) and 
(Ax, Ay) are the disturbances in position and velocity and (i,j) = (x or y). 


Fi). _ (Fi 
K= (zs): = (a), i 


Fy = Fy + KxxAX + KyyAy + CxxAX + +Cxy Ay 
Fy = Fyo + KyxAX + Kyy Ay + CyxAX + +CyyAy 


fof Geer \dzrdo (6) 


(9) 


2.3 Solution methods 

The results presented in this paper compare the forces obtained with the linear and 
nonlinear models for two different configurations of bearings. Thus, it is important to 
present the steps used in the calculation algorithms for each approach. The process 
starts at a certain rotating speed. For the nonlinear analysis, the procedure is given by 
calculating the pair eccentricity/attitude angle for each position. Once calculated these 
parameters, it is possible to compute the pressure field and then perform a numerical 
integration to obtain the nonlinear hydrodynamic forces. For the linear analysis, the 
procedure is somewhat different, since it is necessary to carry out the calculation of 
the equilibrium position for the analysed rotating speed. With the equilibrium pair 
(eccentricity/attitude angle), the procedure of finite perturbations is performed to 
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obtain the dynamic coefficients matrices (stiffness and damping). Finally, the hydro- 
dynamic forces calculation is given as Eq. (9) in both directions. Figure (2) shows the 
flowchart summarizing the two model types. 


Type of analysis 
£ ` 


P “Y 


Calculation of eccentricity (€) and Calculation of displacement (x) and 
attitude angle (@) for each position velocity (x) for each position 


Calculation of the pressure field Calculation of the equilibrium position 
(p) using Reynolds Equation for the rotating speed (£, ¢) 


} $ 


Numerical integration to obtain 
hydrodynamic forces Fy and Fy 


Finite perturbations to obtain dynamic 
coefficients matrices [K] and [C] (Eq. 8) 


(Eq. 6 and 7) 


Calculation of hydrodynamic forces by 
F = [K]{x} + [C]{x} 
(Eq. 9) 


Figure 2. Flowchart for calculating procedure of hydrodynamic forces in 
linear and nonlinear models. 


3 RESULTS AND DISCUSSION 


This section presents the hydrodynamic forces resulting from the analysis considering 
a Laval rotor. This rotor consists of 19 nodes (18 beam elements) with two journal 
bearings located at nodes 3 and 17, far approximately 580 mm from each other, lubri- 
cated by ISO VG 32 oil at a constant temperature of 40° C (average viscosity of 
u= 2.7622 x 10-2 Pa.s). The bearings have 20 mm length, 31 mm at inner diameter 
with 90 um of radial clearance. The shaft has a decentralized coupled disk placed at 
node 7, distant 200 m from bearing 1, with an unbalanced mass mọ = 3g located 
37 mm from the disk’s centre. Besides this unbalance force, it is considered an 
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external force applied at node 7 with magnitude of 200 N, in order to simulate 
a severe load condition in the system. A sketch of the rotating system just described is 
shown in Figure (3). 


External Forces 


Disk 


17 
10 — 19 
a a 2 i O’ 
Shaft je 18 
Bearing 2 


Figure 3. Configuration of the used rotor (out of scale for better 
visualization). 


Since the system has an asymmetrical configuration, shaft’s displacements inside the 
two journal bearings are different due to differences in loading and gyroscopic effect. 
Therefore, in this work, just the forces calculated in bearing 1 (closer to disk) are shown, 
since they contain the information at the most critical loading situation. A previous ana- 
lysis of the system was carried out and the first critical speed of the simulated rotor was 
calculated at about 37 Hz. In this way, a set of 3 rotating speeds is chosen [15, 35, 60 
Hz], in order to verify the influence of this parameter on the operational behaviour of the 
rotor in situations below, at the vicinity and above the first critical speed. 


Two types of lobed bearings are used to generate the results - elliptical and three- 
lobed. In addition to the bearing type, it was picked two preload levels, being 0.25 and 
0.8, simulating high and low eccentricities conditions respectively. Thus, the objective 
is to analyse the behaviour over time of the hydrodynamic forces in four different 
bearing configurations, calculated using linear and nonlinear models as described in 
Figure (2). The forces were calculated with a time step of 10-* s, saving values for Fy 
and Fy every 10 loops due to their proximity. Simulations were run until the final time 
in which orbits reach steady state. To remove the transient regime, only the last 0.5 
s of the simulation were selected. 


Figure (4) shows the hydrodynamic forces for elliptical bearing with preload 0.25, in 
both x and y directions, calculated with linear and nonlinear models. Figure (4a) con- 
tains the analysis at 15 Hz being zoomed in Figs. (4d) and (4e) making it easy to view 
potential differences. The results showed no difference, considering the curves super- 
imposed on each other. For 35 Hz, it can be seen in Figure (4b) slightly discrepancies 
between the curves (especially for the x direction forces), because near the critical 
speed region the bearing, in general, presents greater nonlinear behaviour. For 60 Hz, 
Figure (4c) also does not show a differentiation between linear and nonlinear models, 
since at this rotating speed the orbits are smaller due to the shaft self-centring effect 
which means that the bearing behaves mostly linearly. 
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Figure 4. Hydrodynamic forces for elliptical bearing 1 (preload 0.25) - (a) 15 
Hz, (b) 35 Hz, (c) 60 Hz, (d) zoom 15 Hz in x direction, (e) zoom 15 Hz in 
y direction. 


For the elliptical bearing with preload 0.8, it is possible to notice, looking at Figure (5), 
that the differences are much less evident, being able to consider the results identical, 
since the margin of numerical error would be greater than the differences observed 
with the values. This is verified for all rotating speeds analysed in this bearing config- 
uration (Figures 5a, 5b, 5c), even in the region close to the resonance frequency that 
presents greater amplitudes of vibration (35 Hz). With a higher preload value, the 
shaft goes closer to the bearing wall, which makes the oil film stiffer and, conse- 
quently, the orbits are smaller, making the bearing more linear. 
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(a) Hydrodinamic Forces (Bearing 1) - Elliptical - Pre80 
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Figure 5. Hydrodynamic forces for elliptical bearing 1 (preload 0.8) - 


(a) 15 Hz, (b) 35 Hz, (c) 60 Hz, (d) zoom 15 Hz in x direction, (e) zoom 
15 Hz in y direction. 
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Hydrodinamic Forces (Bearing 1) - Three-lobed - Pre25 


(a) 
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Figure 6. Hydrodynamic forces for three-lobe bearing 1 (preload 0.25) - 
(a) 15 Hz, (b) 35 Hz, (c) 60 Hz, (d) zoom 15 Hz in x direction, (e) zoom 15 Hz 
in y direction. 


Changing the bearing type, Figure (6) presents the results for the three-lobed bearing 
with preload 0.25. In this case, differences between linear and nonlinear models 
appear in all compared rotating speeds. For 15 Hz, as can be seen in Figure (6a), 
zooming in Figs. (6d), the nonlinear forces in x direction have higher amplitude values 
than linear ones as well as a small lag in the nonlinear vector behaviour. In y direction, 
Figure (6e) it is noticed that differences in amplitude are a little smaller, but also evi- 
dent. Increasing the rotating speed for 35 Hz, at first critical region, it can be observed 
the biggest discrepancies, with evident increase in amplitudes in nonlinear cases, both 
x and y directions. For nonlinear force Fx, beyond amplitude, there is either a large 
deformation in curve’s shape. For 60 Hz the same pattern is repeated, but with similar 
shape of curves and minor differences in amplitude and phase, since the rotor over- 
came the critical region and centralizes itself, as can be seen in Figure (6c). 
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Finally, increasing preload for 0.8 in the three-lobed bearing the models also showed 
differences for this case (Figure (7)). Figures (7a, 7d and 7e) show the results for the 
15 Hz rotation, in which a similar behaviour is observed to the previous case with pre- 
load 0.25, however the nonlinear forces in the x direction present a greater lag than in 
the previous case. In the other two rotations the same behaviour can be found. In 
Figure (7b) at 35 Hz the amplitude of the force does not increase considerably, even in 
the critical region, as well as at 60 Hz in figure (7c), however, the signal lag is more 
evident in all rotations as mentioned. 


Hydrodinamic Forces (Bearing 1) - Three-lobed - Pre80 
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Figure 7. Hydrodynamic forces for three-lobe bearing 1 (preload 0.8) - 
(a) 15 Hz, (b) 35 Hz, (c) 60 Hz, (d) zoom 15 Hz in x direction, (e) zoom 15 Hz 
in y direction. 
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Finally, making a comparative analysis of the four cases analysed, it can be noticed 
that, with respect to geometry, the three-lobe bearing was more sensitive to the 
effects of nonlinearities compared to the elliptical bearing, presenting a greater dis- 
crepancy of linear and nonlinear model for hydrodynamic forces. Regarding the pre- 
load, as higher as its value, more linear is the behaviour of both bearings, mainly due 
to the increase in oil film stiffness to higher preload values. 


4 ADDITIONAL COMMENTS 


To complement the analyses carried out in the present work, new investigations are 
under development, and their outcome will be published in journals of the subject. 


One of the aforementioned studies concerns the analysis of the response in the time 
and frequency domains. Regarding the orbits (temporal response), the initial analyses 
show that in addition to the variation in amplitude and shape of the responses, com- 
paring the linear and nonlinear models, there is also a variation in the slope of the 
orbits. This variation probably explains the phase shift clearly seen on the figures pre- 
sented in this paper for the three-lobe bearings between linear and nonlinear forces. 
Regarding frequency analysis, the calculated time series at the bearing positions are 
processed through DFT Full Spectrum, being able to observe the signal composition in 
harmonics - + 1x, + 2x and + 3x. With different bearings configurations, only the +1x 
and -1x components were present in the linear model signal. However, when the non- 
linear model was used, higher order harmonics (+ 2x, + 3x) appeared, especially 
in situations with high nonlinear behaviour, such as the vicinity of critical speeds, 
changing orbits amplitude and shape. 


Another ongoing investigation is the analysis of the rotor’s behaviour when submitted 
to run-up. It was possible to observe a change in the fluid-induced instability thresh- 
old, which occurs significantly earlier for the nonlinear model. 


5 CONCLUSION 


The paper presents an investigation about the nonlinear behaviour of hydrodynamic 
forces in elliptical and three-lobed bearings under high static load and two different 
pre-load conditions for different rotating speeds. Simulations considering the direct 
integration of the Reynolds equation and the use of linear equivalent coefficients to 
represent the forces are shown. 


It was possible to observe that elliptical bearings present linear behaviour except for 
cases close to the critical speed. When the pre-load is increased, the bearing seems to 
become even more linear, being both models presenting similar responses. In this 
case it is possible to say that the linear model can well represent the behaviour of ellip- 
tical bearings. 


However, the linear model is not suitable to be used in three-lobed bearings, 
since the nonlinear hydrodynamic forces are considerably different from the linear 
one. In these cases, not even the amplitude of the forces differ, but also its 
phase, what will change the dynamics of the machine. Thus, for vibration control 
or fault detection on machines using three -lobed bearings the nonlinear bearing 
model is recommended. 
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Some further reflections on misalignment 
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ABSTRACT 


The work here develops the concepts outlined by the author at the conference of this 
series in Manchester. A study is presented of an investigation into the generation of 
harmonics of shaft rotation speed in the vibration of misaligned multi-bearing rotor 
systems. The author challenges the conventional explanation that these harmonics 
arise principally from the bearing non-linearity. Whilst this may give rise to part of the 
observed behaviour, a more fundamental source of the harmonic terms arises from 
the properties of the coupling joining the rotors. The operation of a flange coupling is 
analysed with particular emphasis on the link between transmitted torque and lateral 
vibration. A calculation route is presented together with an example of the resulting 
response. 


Keywords: Rotors, Machines, Faults, Misalignment. 


1 INTRODUCTION 


It is surprising that, despite extensive developments in the understanding of rotor 
behaviour over recent decades, the behaviour of misaligned rotors remains an area 
where clear analysis is somewhat lacking. This is not merely an interesting academic 
point but one of considerable industrial importance as rotor misalignment is generally 
agreed to be the second most important fault in rotating machinery; only rotor imbal- 
ance has greater significance. But whereas the effects of rotor imbalance are now 
clearly appreciated, the same is not true for misalignment. This point was discussed 
by Jalan and Mohanty [1]. To directly quote from their paper ‘In defiance of its import- 
ance, the study of shaft misalignment is still inadequate.’ 


There has been considerable confusion in the literature, and in industry, on the general 
features of a misaligned rotor reflecting the fact that it remains incompletely understood. 
This is partially a result of the complex nature of the problem. Whilst many authors have 
associated the presence of harmonics of shaft speed (i.e. the generation of vibration sig- 
nals at multiples of shaft rotation speed) with misalignment, [2-7], Al-Hussain and Red- 
mond [3] did not find evidence in their model and were driven to the conclusion that 
non-linearities in either the rotor or the bearings/support structure must be the origin of 
the phenomena. The source of these harmonics is not entirely clear but most authors 
have associated the phenomena with the non-linearity of the bearings. Redmond [7] has 
addressed the problem again more recently but still views the bearings as the main 
source on harmonics generation. Lees and Penny [8] presented a calculation method 
based on the analysis of Adiletta et al [9] but such studies do not fully represent the 
complexity of the situation. This is not a completely satisfactory explanation. 


More recently Dal and Karkacay [10] considered a system with pressurised bearings but 
their analysis relies on the bearing non-linearity to generate harmonics. In a real 
machine, undoubtedly non-linearities in the bearing will make some contribution, but 
the objective of the present paper is to illustrate that there are more fundamental ori- 
gins of the behaviour. Pennacchi et a/.[11] considered a system with non-linear bearings 
and cyclic properties in the coupling. It is worth noting, however, that the analysis does 
not consider the transmitted torque. Similarly, Li et al [12] made no mention of the 
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transmitted torque. Sekkar and Prabbu [13], however, did include the effect of transmit- 
ted torque in their calculations building on the work of Gibbons [14]. This work does 
indeed generate harmonic response at twice shaft speed, but this is the only harmonic. 
Nembhard and Sinha [15] have used a similar basis for the fault diagnosis studies. Rig 
trials by Patel and Darpe have shown the three times shaft speed term to be higher 
[16]. It is interesting to consider the importance of transmitted torque; recently moni- 
toring torque has been proposed by Reddy and Sekkar [17] as a detection means for 
misalignment. An alternative strategy has been followed by Lal and Tiwari [18] who pre- 
sented a method for the identification of coupling forces and moments from plant data. 


In 2007, Lees [19] offered a different analysis. Using a rather idealised representation 
of a rigid coupling, the paper studied the Lagrange equations of the system and showed 
how the overall stiffness matrix becomes time dependent, hence generating a range of 
higher frequency components in the vibration spectrum. Whilst this study was restricted 
is scope, it did offer a means of considering the wider implications. Many authors report 
the generation of harmonic terms in the vibration signal but most have reported the 
dominance of the twice per revolution component, contradicting the results of Patel and 
Darpe [16]. These variations in themselves suggest that the phenomena are rather 
complex and this paper seeks to explore the generation of the harmonics. 


In this paper, the factors influencing the dynamics of machines with flange couplings are 
examined and a complex pattern of behaviour emerges. This complicated performance 
and the significant number of factors which influence it may partially explain why this 
area of machine dynamics has remained obscure for so long. Some of the ideas have 
been reported in a simplified form previously (Lees, [20,21]) but here the models are 
extended using more realistic assumptions. Lees [21] proposed a model in which torque 
became a combination of moments and forces owing to the non-uniform distribution of 
friction across the face of the coupling. In [21] it was assumed that friction was propor- 
tional to the normal force, which of course, is only a limiting case. At the end of that 
paper an example was presented with limited friction, but the general case requires 
a somewhat different approach. This introduces a fundamental element into the study in 
that the response to misalignment becomes dependent on the transmitted torque, not 
only in amplitude, but also in spectral content. This is the subject of the current paper. 


2 FLANGE COUPLINGS 


2.1 Operation 

Clearly the couplings play a crucial role in determining the dynamic behaviour of 
a misaligned machine. Ideally, they will transmit only torque but no forces or bending 
moment - but often this will not be the case. A simplified view of a flange coupling is 
shown in Figure 1: In this sketch only two bolts are shown but on a real machine there 
will be many, perhaps 16 or 32, but their essential role is to maintain an axial load 
between the mating surfaces of the coupling. 


During operation, torque will be transmitted partly through friction between the 
mating faces and, at high torque levels, partly via shear forces in the bolts. Lees [19] 
considers the case in which torque is transmitted predominantly through the bolts and 
it was shown using Lagrange’s Equation that the effective stiffness of the system 
becomes time dependent. At lower torques, where the friction terms predominate, 
[20,21] gave a basic analysis of the situation and the purpose of the current paper is 
to refine and extend this study. 


Clearly the performance of the coupling is dependent on the interfacial pressure, P, 
between the mating surfaces and this is determined by the tension in the bolts and the 
coupling geometry. Given this uniform pressure distribution across the face, it is 
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straightforward to calculate the maximum torque that can be transmitted. This is 
given by 


2 
Te =34Pr (1) 


where P is the pressure, p is the friction coefficient and r is the radius at which the 
coupling bolts are positioned. 


Coupling Bolts Mating surfaces with friction 
(many on a real __ transmitting torque 
machine) ae 

Input shaft 


Output shaft 


NB In reality, the coupling faces mate. 
The internal space is for illustration 


Figure 1. Idealised flange coupling. 


In any real rotor system there will be bending moments orthogonal to the rotor which 
will distort the pressure profile from uniformity and reduce the torque which can be 
transmitted by friction. Generally, there will be a bending moment acting, one arising 
from imbalance and this will rotate with the shaft, the other (if present) arises from 
misalignment and will be fixed in space. These two bending moments are designated 
T, and T, respectively and using a finite element model of the rotor, they can be readily 
calculated using the procedure outlined in the appendix. Note that the misalignment 
moment will be subject only to a minor variation with rotor speed (arising from bearing 
properties) whereas the imbalance term varies substantially and in a complex manner. 
Hence at any time instant the rotor is at orientation 8 = at, the resultant bending 
moment is 


_ fT sx +Tcos(6 — p) 
= { Ty +Tasin(0 — p) (2) 


where the phase shift y is determined by the dynamics of the system. Hence the mag- 
nitude of the bending moment acting on the coupling face is given by 


IP] = Cae + Ticos - p)? + (Ty +Dysin( — p)? (3) 
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and the phase is 


1 [Tso +Dwsin(6 — p) 
ifts y 
pan (È +T,xcos(0 — 2 (4) 


The crucial point to make is that this time varying bending moment imposes a linear 
variation on the interfacial pressure profile in the direction of the resultant moment. 
Hence this resultant is constantly changing both magnitude and direction. 


In Lees, [20, 21] the basic argument was presented with the simplifying assumption 
that friction is proportional to the pressure whereas a more realistic assumption 
makes the calculation a little more involved, but the principle is unchanged. In the pre- 
sent study, friction per unit area at any point of the mating surface is taken to be less 
than or equal to the coefficient of friction multiplied by the pressure. Hence, using 
a local frame of reference in which the y-axis is aligned with the maximum bending 
moment, it may be assumed that the profile of the friction is as shown in Figure 2, that 
is constant for x<1—6 and reducing linearly for x>1 — 6(so long as it stays positive). As 
illustrated in Figure 2, 6 is the radius at which the pressure begins to decrease and this 
is one of the parameters to be determined. This distribution of the friction would 
appear reasonable but it is a point that should at some stage be checked experimen- 
tally, however this may require some careful design of the facility. 


At this stage, the transition level, x = 6, between constant friction and linear variation 
is unknown but it clear that at this point, the friction force per unit area is 


F(6) = uP(6) (5) 


Given a linear pressure variation due to the bending moments, it is convenient to 
express this as 


P(x) = Po (1 = e) (6) 


0 


where the moment scaling factor To is the bending moment which reduces the pres- 
sure to zero at the outer edge of the coupling face and where x is measured along the- 
(local) direction orthogonal to the bending moment. Letting a = 7, this is re-written as 


P(x) = Po(1 — ax) (6a) 


To can be calculated as 
f 4 
To = [Pot — rsing)r' sincosdr db = g Por (7) 
0 


In [21] a specific example was given of a reduced friction study, but in general a more 
detailed discussion of the determination of the transition point is needed. Note that 6 is 
measured from the centre of the disc and hence 6 = 1 means there is no transition. 


Across the full face of the coupling, the interface pressure is given by equation 6a. 
What does vary in the two regions (i.e. x<6 and x>ô) is the friction which transmits 
the torque, provided this is below a critical value. The force per unit area takes the 
form 
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F(x) =F x<d 
F(x) = Fo(1—ale—d]) x> (8) 


The factor Fo < «Po takes on the values required to transmit the torque. In this expres- 
sion the coordinate system is local and instantaneous, so that the overall bending 
moment is about the (local) x -axis. This seemingly 


complex procedure reduces the problem to the determination of the two parameters 
Fo,6, since a is determined by the imposed bending moment. Here the direction of the 
gradient is given by ¢ (Equation 4). Note, however, that this non-uniform pressure 
profile will reduce the torque capacity of the coupling, in which case load would be 
transferred to the bolts. This capacity reduction factor is denoted R, given by 


Re(a a-f ice (9) 
oe Fo 2ay 


For any position of the transition point, ô, and the normalised bending moment, a, is 
readily calculated by integrating the frictional forces across the face. For any instant in 
the motion, the bending moment is calculated and using this the appropriate values of 
a,6 are evaluated using the approach described in the following section. Once these 
two parameters are established, however, several features follow as a consequence. 


If 0<d<1 then the centre of torque (i.e. the point in the cross section at which there is 
no net lateral force) will deviate from the centre of gravity. The forces of friction will 
not be symmetrical about the centre line and there will be a net force in the direction 
of the resultant bending moment, which varies, but not in a uniform manner. 


R.(a,6)is shown in Figure 3 and this function can be tabulated prior to the main calcula- 
tions. For clarity, this figure shows only a reduced resolution of the actual tabulation. 
Since this (or any other credible) pattern of friction is not symmetrical about the 
(local) x-axis, the frictional forces will exert a resultant force on the geometric centre 
of the coupling, meaning that a force will act on the shaft. The local force (at right 
angles to the direction of the pressure gradient) may be tabulated as 


: - 
i : ~~ 
Fo i i 
| o 
Ló oo 
-1 o 1 


Figure 2. Friction Profile. 
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2.2 Determination of the parameters a, ò 


The forces acting at the coupling are completely determined by the three parameters 
Fo,a,6. Of these, the bending moment applied, ais known but the other two parameters 
must now be established. 


The force level Fy is readily calculated as 


But at the transition point, the interfacial pressure will be Po(1 — ad) and as friction here 
will be limiting 


T 
Fo TR uPo(1 — aô) (12) 
Hence 
T 
(1 rea) = 00 (13) 


Using interpolation, this non-linear equation is readily solved to yield the transition 
point 6. Once this is established the resulting forces are completely determined. Note 
that solutions for 6 exist only for cases in which the coupling is not overloaded, i.e. 


T 
TR) =! (14) 


If overloading occurs, some load will be carried by the bolts and this in itself can give 
rise to harmonic excitation (Lees [7]). A comprehensive method to include this effect 
has yet to be developed. In the present study, the ‘excess’ torque is neglected. There 
is considerable uncertainty in this case and a detailed three-dimensional model 
together with rig trial may be necessary to resolve this issue. 


3 THE CALCULATION 
As a prelude to the main calculations, three basic functions are tabulated for use in 
interpolations. These functions are; 


a) the torque capacity as a function of the bending moment, a, and the transmit- 
ted torque, or rather the remaining margin, Re. This is shown in Figure 4. 

b) The local force as a function of the bending moment, a, and the transition 
point, 5. 


This is also shown in Figure 3. 


c) The position of the transition point, 5, as a function of the applied bending 
moment and the torque margin available. 
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All of these functions depend strongly on the physical parameters of the coupling. 


At each rotor speed considered, a sequence of calculation steps is followed. 


1) 


2) 


3) 
4) 


5) 


6) 


The static and rotating bending moments U, and U, are calculated using the 
approach given in the appendix. Note that the static term may only show 
a minor variation with speed arising from the variation in bearing stiffness. In 
the example studied here, Us has been taken as constant. Both bending 
moments are now scaled using Equation 7. 


Variation in torque capacity 
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ao 
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=] 
a 
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o 
pa 
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Applied bending moment (a) 
Transition point (4) 


Figure 3. Reduction in Torque Capacity, R.. 


For a number of time steps within 1 revolution, calculate the magnitude of the 
resultant bending moment, a, and its direction, @. In this study, ten time steps 
were used. 

Using this value of a, determine the transition point, 5, at this instant. This is 
basically solving equation 13 and interpolated the capacity function. 

The instantaneous force is now interpolated from the predetermined force 
function, calculated from Equation 14. 

The force is now transformed into the global coordinates as 


Fel T cos¢ 
le} -Pomen*” * f(a D) ne ) (15) 


Having completed these calculations at each step in the cycle, a number (say 
10) identical records are concatenated in order to improve the resolution of 
the ensuing Fourier Transform. The assembled signal then goes through FFT to 
yield the harmonics of the particular rotor speed. 


4 ANEXAMPLE 


The machine shown in Figure 5 is considered to examine the effects of the process out- 
lined above. For the sake of convenience, attention is restricted to a four-bearing 
machine comprising a single stage turbine driving an alternator. The overall length of 
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the machine is 17m, and the bearings are plain journals with a clearance of 60um. The 
mass of the two rotors is 24 and 50 tonnes respectively. A range of transmitted 
torques were examined corresponding to 60,70, 80 and 90% of the capacity as given 
by Equation 1. In practice, of course, a turbine generating 125 MW would have more 
than a single stage, but this model is taken for the sake of simplicity. Imbalance is 
imposed on both rotors: the resulting response is as shown over the running speed in 
Figure 6. 


Clearly, the parameters of the coupling is of crucial importance here and the param- 
eters chosen were Number of bolts 16 Pitch diameter 0.8m Bolt diameter 40mm Bolt 
tightness 90% yield Coefficient of friction 0.6 


The bearings in this example are set in a straight line. Clearly this is inappropriate as 
self-weight bending imposes moments at the coupling, which lies between nodes 9 
and 10 in the model. This model is rather stiffer than a typical machine and conse- 
quently the catenary of the alternator section is reduced. This is suitable to demon- 
strate the principles as the couplings can be connected in a simple straight-line datum. 
In a real machine, bearings heights must be adjusted to enable couplings to be con- 
nected. However, alignment errors can, and do, occur due to thermal movements. 


Variation in local force 


Local force 


02 


Applied bending moment (a) 
Transition point (4) 


Figure 4. Local Force (non-dimensional). 


(Reduced mesh for clarity) 


The rotordynamic calculations were completed using the MATLAB toolbox given by 
Friswell et a/ [22]. The model uses Timoshenko beam elements and linearised repre- 
sentations of the oil journal bearings, the loading of which was determined from the 
rotor masses. Some variation in this loading is an obvious next step. 


With the rotors set out in a horizontal alignment, the bending moment at the coupling 
is given by U, = {—4.87 1.53 yx 10*Nm., and this is converted to non-dimensional 
terms using equation 12. Note that on a real machine this will vary slightly with speed 
owing to the varying bearing coefficients. In the present study, however this fixed 
value has been used. 
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Using the approach described in the preceding section the magnitude of the forces 
acting on the coupling faces are calculated and these are as a function of rotor speed 
and are shown in Figure 7. Recognising space limitations, only the vertical forces at 
bearing 3 are presented: being close to the coupling, it is likely that these are repre- 
sentative. It is straightforward to evaluate force at all bearings. Note that there is 
a strong dependence on transmitted torque. The reasons for this behaviour become 
clear in Figure 8 which shows the manner in which the transition point varies in time 
and with torque. In this figure, the ratio mentioned is just 7/7.\ . 


Table 1. Main parameters of model. 


Bearing Locations 


Rotor 1 details 
Main body diameter 


Main body length 


Stub diameter 
Rotor 2 details 
Main body diameter 


Main body length 
Stub diameter 0.6m 


Bearing Clearance 0.5mm 


Oil viscosity 0.04 Ns/m? 


Figure 5. Rotor Model. 
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~10°% Horizontal displacement at bearing 3 


Displacement (m) 


L L L 
o 500 1000 1500 2000 2500 3000 
Rotor speed (rev/min) 


Figure 6. Synchronous Imbalance Response. 


5 DISCUSSION 


Rotor misalignment has been an important industrial consideration for many years 
and it has long been associated with the generation of harmonics of rotor speed. A full 
explanation of the phenomena has not yet emerged but the majority of authors have 
ascribed the harmonics to the non-linearity of journal bearings [12]. There is little 
doubt that the bearings will play a part but in this study the bearing non-linearity has 
been omitted to emphasize the presence of other factors. 


It is shown here that flange couplings (and, no doubt, other types) show non-linear 
behaviour that can give rise to excitation at various multiple of shaft rotation fre- 
quency. To analyse this situation fully would require a complete three-dimensional 
finite element model of the coupling which may be of limited applicability in practice. 
To overcome this, a simplified analysis is presented here aimed at clarifying the phys- 
ics of the situation. Further work is needed in two areas firstly to confirm or modify the 
friction distribution across the face of the coupling (Figure 7) and secondly to combine 
this work with non-linear bearings. A third activity may also be added aimed at incorp- 
orating the analysis of the high torque case discussed by Lees [19]). An interesting 
question arises as to the possibility of incorporating the complete range without the 
need for a fully three-dimensional analysis. 


The friction profile shown in Figure 2 is an assumption. A significant problem is that on 
real plant there is little detailed knowledge of how components will behave. This indi- 
cates the pressing need for some rig testing on this topic an it is one of the author’s 
objective here to highlight the feasible mechanism and support laboratory work in this 
area. The uncertainty of the profile leads to doubts over the numerical values pre- 
dicted, but these are less important than the two key features of the model predictions 
namely a) the amplitude and frequency composition of the response of a misaligned 
system is dependent on the transmitted torque, and b) a range of harmonics develops. 
Whilst the numerical values will be model dependent, any credible friction profile will 
lead to a similar conclusion. 
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It may be argued that a full three-dimensional model is needed to fully investigate the 
phenomena. This would be particularly advantageous at higher torques when the tor- 
sional load is shared with the bolts. But the model has to be constructed with appropri- 
ate inclusion of the effects discussed in this paper (a mixture of bolt shear and friction 
as torque transmission mechanisms). However, detailed models can be slow in oper- 
ation and simplified models, as presented here, offer an effective means of illustrating 
principles and exploring sensitivities, even if being less precise in numerical predic- 
tions. Two requirements for further work are clear: firstly, a detailed model (but note, 
the difficulty in specifying the form of the friction remains) and secondly, rig testing, 
including a study of the dependence of harmonics with transmitted torque. 


The study presented here gives an account of how the performance of the coupling 
itself can give rise to harmonic forces and it offers a number of interesting insights. 
From this study it is clear why the ideal situation is one in which there is zero shear 
force and bending moments at the coupling. Furthermore, it shows that the phenom- 
ena are multi-factorial depending on misalignment, imbalance, coupling parameters 
and transmitted torque. This complexity probably explains why there has been a lack 
of agreement in the discussions of misalignment. It is far more complex than imbal- 
ance, which is simply dependent on the mass eccentricity. 
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Figure 7. Vertical forces with various levels of constant torque. 
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Whilst any direct diagnostic technique for machines appears to be some way off (if at 
all possible), the ideas presented here form a useful basis. For example, the variation 
of the second harmonic with transmitted torque may provide important information to 
a machine operator. The study also provides some insights into some design require- 
ments of the couplings used. 


6 CONCLUSIONS 


The study has sought to clarify some of the confusion in the literature on the phenom- 
ena arising in rigidly coupled, multi- rotor machines. In particular 


a) Harmonics of shaft speed can be generated by the coupling 

b) These forces show a complicated variation with respect to rotor speed. 

c) The form of the frequency content depends on the interaction of misalignment, 
imbalance and torque. 

d) Other strong influences are coupling geometry and tension in the coupling 


bolts. 
e) The complex behaviour may explain the lack of clarity in the literature to date. 


A number of areas in which further work is needed have been identified. 
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Figure 8. Transition point at differing torque levels. 
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APPENDIX 
Evaluation of Bending Moments 


The catenary of the rotor is easily calculated as 
Y. = K'MG (A1) 


where K and M are the stiffness and mass matrices. G is a vector having the value g 
(9.81m/s) in vertical components and zero elsewhere. Having established this deflec- 
tion, the static bending moment is calculated following the procedure described below. 
The imbalance response at speed 2 is given by 


x = [K + jQC - PM] Me (A2) 


where e is the mass eccentricity vector and C is the damping matric. Usually there will 
only be measurements of the rotor motion available at or close to the bearings, but 
the model may be used to ‘recover’ estimates of the motion at all the other nodal 
points, subject of course to all the usual concerns on model accuracy and other uncer- 
tainties. Let us say the coupling being studied is at node m of the model, then the four 
degrees of freedom at the coupling will be [4m — 3,4m — 2,4m — 1,4m] and to calculate 
the bending moment the motion of nodes m-1 and m+1 must be considered. 


For the sake of clarity the Euler beam formulation is used here. The displacements 
within the chosen elements are given 


u(Ze) = ao + a1Z¢ + a2z, + a323 (A3) 

v(Ze) = bo + biz + baz? + b3z3 
z is the axial position within the element. Now the bending moments in the two 
orthogonal directions are given by 


ev 
ie ai(5 7) = EI (2b) + 6bzze) T,= ei( 
e 


OZ; 


Ou 
622 


) = EI (2a + 6432) (A4) 


So the problem now is to determine the parameters a and b and to do this it is conveni- 
ent to consider the two directions separately. Taking the first direction, knowing the 
displacements at the two nodes of the element, the element parameters may be 
expressed as 


ao 1 0 0 0 U4m-7 
0 1 0 0 
ja a | 2 3 eas (A5) 
2 Ze Z Ze U4m—3 
a3 0 1 2ze 322 Um 


Similarly, the b parameters can be written in terms of u4m-6, 4m-5, 4m-2 and 4m-1. 
With these results the bending moments in the element immediately before the coup- 
ling is defined and using the same approach those in the element after the coupling 
can also be evaluated. Note that since only displacement and slope are continuous 
across element boundaries, different estimates for bending moments and forces are 
obtained in the two elements. The optimum estimate is simply the mean of the corres- 
ponding values. 


Hence, given an imbalance on the rotor, there will be a rotating bending moment 
vector at the coupling, or to be precise, at the flanges of the coupling. 
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ABSTRACT 


Active Magnetic Bearings (AMBs) are being increasingly employed for supporting 
high-speed rotors because of their contact-less operation leading to almost no friction, 
and the consequent heating, noise and energy loss. The other inspiration is that these 
bearings are active elements, or their properties can be changed if required. For high- 
speed applications, involving rotor speeds greater than 10,000 rpm such as high 
speed milling of aluminium and precision grinding of small parts, AMBs may be pre- 
ferred over conventional rolling element or hydrodynamic bearings, as these become 
either unstable or very inefficient beyond a certain rotor spin-speed limit. However, 
the AMBs may also face stability issues in high speed rotor applications due to the 
inevitable time-delay involved in sensing and transporting the rotor displacement 
signal to the controller and then applying the control action on the rotor shaft. There- 
fore, the present work addresses the issue of delay on stability of rotors supported on 
AMBs. Control law (the transfer function between displacement of rotor in the air gap 
and the force applied on it by the bearing) has a pronounced effect on the stability of 
rotor supported by an AMB. Conventionally, PD and PID control laws are widely used 
for designing AMBs. This paper has proposed some novel control laws based on the 
constitutive relationship of viscoelastic semisolids and compare the stability for the 
rotor AMB system, controlled with conventional control laws, and novel control laws, 
when the delay is taken into consideration. To this end, a rigid rotor with centrally 
placed rotor disk supported on AMB has been modelled as a single degree of freedom 
system, to keep the work simple. The effect of various parameters on the performance 
of AMB in supporting the rotor shaft with time delay is analysed. The novel control 
laws have been shown to hold immense potential to attenuate the influence of delay 
on stability of high-speed rotors. 


1 INTRODUCTION 


The operating spin speed of rotors, among other factors, is limited by the suspension 
system used for supporting such rotors. Active Magnetic Bearings (AMBs) offer con- 
tact-less suspension for such rotors, thereby, increasing the possible rotor spin speed 
for such systems without increasing the noise levels, heat generated in the bearings 
and energy loss due to friction. The dual advantage of AMBs is that they can also be 
used for active control of lateral vibrations in such systems (1). However, usage of 
AMBs involves the issue of time-delay between the sensed rotor shaft displacement 
and the actual build-up of control current in the actuator which determines the control 
force generated in the actuator. The time-delay between the sensing of the rotor shaft 
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displacement and actual build-up of control current can be due to (a) the delay in 
sensing the shaft displacement, (b) transportation delay from sensor to the controller 
(c) processing of the feedback sensed shaft displacement based on the control law 
transfer function and (d) delay due to time required in building up of the control cur- 
rent in the actuator coils. Now, it may be easily perceived that the direction and mag- 
nitude of the control force should be applied on the rotor at an appropriate instant of 
time, else, the actuator may cause instability rather than stabilizing the system. This 
work therefore attempts to analyse the effect of time-delay on the stability of the 
AMB-rotor system with conventional control laws. Novel control laws based on the 
constitutive relationship of the viscoelastic materials have recently shown promise in 
improving stability of parametrically excited AMB system (2) and in improving per- 
formance of an actuator in controlling vibration levels in an overhung rotor shaft 
system (3). In this work the stability of the rotor-AMB system with conventional con- 
trol law such as Proportional-Integral-Derivative (PID) and with novel control laws 
based on the viscoelastic materials is compared. 


Ji (4) analyzed the effect of time delay on the stability of a simple rotor supported by 
an AMB. Presence of Hopf bifurcation for certain values of time delay was reported. 
The results were verified using numerical simulation. Ji (5) studied the dynamics of 
a Jeffcott rotor with an AMB acting over the rotor disk with time delay. PD control law 
was used to decide the control current in the AMB. Linear stability analysis was carried 
out and the characteristics of a single Hopf bifurcation was determined using a central 
manifold. The analytical results were experimentally validated. The influence of a time 
delay on the stability of a rotor supported on an AMB was considered by Ji and Hansen 
(6). The analysis included geometric coordinate coupling and thus a set of coupled 
two-degree-of-freedom nonlinear differential equations were obtained. A critical value 
of time delay was found, beyond which the equilibrium position of the rotor became 
unstable and Hopf bifurcation was observed with two different kinds of periodic 
motion. 


Wang and Liu (7) performed linear stability for a rotor shaft suspended on AMB and 
studied the bifurcation diagram in an appropriate parameter plane. It was shown that 
beyond a sequence of critical time delay values, the Hopf bifurcation occurred in the 
system. The authors also presented an algorithm for finding the direction of Hopf 
bifurcation using theory of normal form and center manifold. The results were verified 
using numerical simulations. Wang and Jiang (8) investigated multiple stabilities in an 
AMB system with time delay. Li et al. (9) investigated the effect of time delay on the 
dynamics of a single degree of freedom AMB system with velocity feedback control. 
The critical value of the time delay was found and the direction of and stability of the 
Hopf bifurcation was discussed. The effect of time delay on the forced vibration of the 
system was also analyzed using numerical simulations. The study concluded that the 
effect of time delay cannot be ignored in the design of controller for the AMB system. 
Jiang et al. (10) analyzed AMB system with time delay and studied the eigenvalue 
problem for the linearized system at the system equilibrium. 


A robust fuzzy logic-based controller for a nonlinear AMB system with time delay has 
been proposed by Zheng et al. (11). The nonlinear AMB system was represented using 
a Takagi-Sugeno fuzzy model and a fuzzy-based Parallel Distributed Compensation 
(PDC) controller was designed with delay-dependent stabilization criterion. Wenjun 
Su et al. (12) studied the influence of time delay in AMB system and presented explicit 
and numerical solutions to find the maximum delay time before instability commences 
in the system for a single-DOF system. Inoue (13) considered the effect of second- 
order delay of the electric current and the first-order delay of the magnetic flux in the 
AMB system. Magnetic flux of the AMB was represented by power series function of 
electric current and shaft displacement, and the nonlinear analytical analysis was car- 
ried out for a rigid rotor system which was also experimentally verified. 
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A fuzzy logic-based controller for a non-linear AMB system with time delay was 
designed by Zheng et al. (14). Liu et al. (15) considered the problem of non-linear 
motion of flexible rotor with drill-bit and analysed the effect of stick-slip and time 
delay. Zhang et al. (16) investigated the effect of double time delay in rotors sup- 
ported by the high-speed self-acting gas-lubricated bearings. The authors analysed 
the influence of controller gains on the dynamic response of the rotor-bearing non- 
linear system with time delay. Yoon et al. (17) developed an unbalance compensation 
method for an AMB with delay in feedback control. The proposed method was experi- 
mentally validated using an AMB test rig. 


Based on the literature survey presented above, it can be concluded that the analysis 
of rotor AMB system with time delay with the AMB utilizing the conventional PID con- 
trol law, which is the most prevalent control law in the industry, has not been carried 
out. The probable reason for this is that with PID control law the governing equation 
for the rotor AMB system results in an integro-differential equation. This has formed 
the motivation for the present work. This work compares the stability regions for the 
rotor-AMB system with conventional PID control law and the recently introduced con- 
trol law based on constitutive relation for a viscoelastic semisolid (2), (3) called the 
Four Element (FE) control law for the system with time delay. A single degree of free- 
dom model for the rotor-AMB system is analysed and the stability regions with regards 
to various system parameters, controller gains and the actuator constants is pre- 
sented and analysed. 


2 RIGID ROTOR MODEL AND ACTIVE MAGNETIC BEARING 


In the present work a rotor system with a central rotor disk mounted on an AMB is 
modelled as a single degree of freedom system. A schematic of the rigid rotor shaft 
with centrally placed rotor disk is shown in Figure 1. The Active Magnetic Bearings 
(AMBs) work on the principle of feedback control and basically comprises of two pairs 
of electromagnets, proximity sensor, controller, signal amplifier, and power supply. 
The proximity sensor senses the rotor shaft displacement at the AMB location and 
sends this information to the controller. The controller based on the control law and 
the feedback signal decides the value of control current required in the electromag- 
netic actuator, thus the electromagnets apply the force on the rotor shaft in opposite 
direction of the ensuing shaft vibration. A schematic of the AMBs depicting the working 
principle is shown in Figure 2. 


Rigid shaft 


het AE Right AMB 


Rotor Disk 


Figure 1. Rigid rotor shaft mounted on AMB. 
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Nominal Rotor 
Position 


<< — 
Figure 2. Schematic showing the working of an AMB. 


For the given rotor shaft displacement in positive y direction the controller decides the 
value of control current iœ which is subtracted from the upper electromagnets and 
added to the lower electromagnets so as to apply a downward force on the rotor shaft 
(see Figure 2). Similar, mechanism takes place for the horizontal pair of electromag- 
nets as shown in. The rigid rotor model with centrally placed disk can be modelled as 
a single degree of freedom system with electromagnets applying the control force on 
the mass element of the system as shown in Figure 3. 


Spring 


stiffness, k Damping 


constant, c 


oy Electromagnets 


Rotor disk mass, m ARA 


Figure 3. Single degree of freedom system with electromagnets. 


2.1 AMB Force on the rotor shaft 


The force applied by the AMB on the rotor shaft depends upon control current in the 
electromagnets and the radial air-gap between the electromagnet and the rotor shaft. 
The force applied by a pair of electromagnets on the on the rotor shaft is given as (1), 
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(1) 


Fyya(t) = Ka kig Gis aX) 


(so — yy (so + yy 


where, ig is the bias current value, i is the control current in the vertical electromag- 
nets, y is the vertical displacement of the rotor shaft at the magnetic bearing location 
and Knag = {Hon A cos 0 is a constant for a pair of electromagnets with „u being the per- 
missibility of free air, n is the number of coil turns in the electromagnet and 4 is the 
projected are of the pole face on the rotor shaft and @ is the equal to 22.5° for the case 
of radial magnetic bearings. 


Eq. (1) models the electromagnetic force imposed on the rotor shaft by a pair of mag- 
netic bearing electromagnets. However, the equation is nonlinear and therefore the 
same cannot be easily used for controller implementation and simulation. Eq. (1) can 
be linearized using Taylor’s series expansion assuming that (a) the rotor displacement 
in vertical and horizontal directions at the magnetic bearings is small as compared to 
the rotor stator air gap, and (b) the control current in both the coils is small as com- 
pared to the bias current value. Mathematically, these assumptions can be written as, 


Y,Z X S0 
(2) 


ley, lez K io 


Based on these assumptions and using Taylor’s series expansion the Eq. (1) can be lin- 
earized and the same is given below for vertical and horizontal electromagnets: 


(Fams), = Kiley — ksy 


3 
(Fame), = Kites — ksz (3) 


. ez 
where, k; = Angis is the force-current factor and k, = sae is the force-displacement 
So “0 
factor and is constant for an electromagnetic actuator. 


2.2 Equations of motion for the single degree of freedom system with AMB 


The equations of motion for the system shown in Figure 3 can be derived using the 
Newton’s law of motion and the same is given as, 


mx + cx + kx = for + fame (4) 


where, m is the mass in kg, c is the damping coefficient in % and & is the spring stiffness 
in N/m. few is the external force on the mass and fims is the force due to electromagnet 
pair acting on the single degree of freedom system. The external force on the mass 
can be due to unbalance in the rotor, misalignment of the rotor shaft, hydrodynamic 
force due to fluid flow etc. From equation (3), the force due to electromagnetic pole 
pair is given as, 


Samp = Kiic — ksx (5) 


The AMB force largely depends upon the control current i. which is decided based upon 
the control law used in the controller. 
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2.3 Control law and Pade’s approximation 


Control law governs the relationship between the control current and sensed displace- 
ment of the rotor shaft or the mass element of the single degree of freedom system. 
The conventional PID control law is given as, 


K 
ie = — (x + D + KoD ru (6) 


where, Kp is called the proportional gain, K; is called the integral gain and Kp is called 
the derivative gain of the PID control law. D is the differentiation operator and x, is the 
time-delayed value of the feedback signal reaching the controller and is mathematic- 
ally given as, 


Xa(t) = x(t — ta) (7) 
Recently, a novel control law, based on the constitutive modelling of the viscoelastic 


material, called the ‘Four-Element’ or ‘FE’ control law has been introduced by Soni 
et al. (2), (3) and the same is given as, 


A (“ + (c2 (ky + ky) + C\kn)D + aeni) (8) 


kg + eoD 


where, kı, ko, cı and c are the four stiffness and damping elements of the control law. 
This control law has been shown to have better parametric stability than the conven- 
tional control laws, however, the same has not been tested and compared for the case 
of rotor system with time-delay. 


Pade’s approximants (18) are a family of approximations with different accuracy and 
associated complexity and are based on frequency response comparisons. The first 
order Pade’s approximation is given as, 


— fas a 
-st 1 7 2 — tas 


1+ 2+ ts 


e 


(9) 
Taking Laplace transform on both sides of the equation (7), one gets, 


L(xa(t)) = Lll = ta)) Ags 
Xals) = eX (s) 
Using Pade’s first order approximation from equation (9), one gets, 


_ 2 tas 
2+ tas 


Xa(s) X(s) (11) 


Therefore, equation (11) provides an approximation to the delayed feedback signal in 


terms of actual feedback displacement signal in frequency domain. 


2.4 Assembled equations of motion 


Using the equations (1)-(11), one gets the final assembled equations in the time 
domain as, 
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mx + cx + kx — kiie + koX = fort (12) 


Now for PID control law, using equation (6), the governing equations are 
ha a Kr 
mx + cx + kx + ki Kp +5 + KpD Xa + ksx = foxt (13) 


For the case of FE control law using equation (4) and (8), the equations of motion are 
given as, 


E p(t. + (co (ky + k2) + cik )D 4 aer’) CRES o (14) 


k + oD 


3 TIME DELAY ANALYSIS OF SYSTEM IN FREQUENCY DOMAIN 


The relationship between the delayed feedback displacement signal, xa(t, ta) and the 
actual state variable, x(t) may be difficult to approximate in the time domain, there- 
fore, in order to avoid the complication, the equations of motion derived in (13) and 
(14) are transformed to the frequency domain so that the Pade’s approximation can 
be exploited. To this end, taking Laplace transform on both sides of equation (13) and 
(14), for the case of PID control law, as given below: 


3.1 Pid control law 


kK 
(ms? + cs +k +k,)X(s) + (xke + = + biKps) XA) = F(s) (15) 


Dividing both sides of the equation by mass, m 


(- $a ti fy oe (£ gi, HE) Xil) = Fexi(s) (16) 
m mm m ms m m 


Now, using non-dimensional parameters such as natural frequency, œn = vi damping 


ratio ¢ k, a = 4, p = "ko, q = 4% in equation (16) one gets, 


c 
2ma,! y 


Fext (s) 


3 
(°? + 2€cons + @2(1 + y))X(s) + (cot + ue + 2b) als) = (17) 


Simplifying, and using Pade’s approximation from equation (11), 


2- tas y F SF ext (s) 
2+ tas m 


($ + ons” 4 a(l } y)s)X(s) - (2€00,s? aes yoo, ) 


Further simplifying, 


(tast + 2eonta(1 — B) + 2)s* + (05C +y — @)ta + 4¢@n(1 + B))s* 
+ (22 (1 +» + a) — eo3ty)s + 2nw3X(s) = CHa Peale) 


m 


(19) 
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Choosing, Fex(s) = +, i.e. a step input signal, 


Finally, 


where, D(s) = (tgs + (2čœnta(1 — B) + 2)s? + (@2(1 + y — a)ta + 4€e,(1 + B))s? 
(202(1 ty +a) nota) s + 2no?) 


3.2 FE control law 


Similarly, for the FE control law, 


(s? + 2€@n5 + @2(1 + y))X(s) + ki (= aide) ee a) -Eat 


(ky + c2s)m 


BA ky c cic s2 
(° ee o2(I | »))X(6) E G ( i 2 )s+ Ie Jo Foals) (22) 
BS m 


Now, defining non-dimensional parameters as, ¢ = %2, y = 2, a =", p=" 


2. 2 
(s° + 2čwns + @(1 + y))X(s) 4 (aval Nam AOE wean eZee ) als) — Fex(s) (23) 
4 1+ és m 
Simplifying, and using Pade’s approximation, 
(2 + 2čons + w2(1 +y) + és + 2€bs? + en€(1 + vs) X(s) + (aw? + (aan (24) 
+2(1 + y)AE@n)s + 22 ps?) Jue X(s) = (1+ £) fa 
(2 + tas) G + 2é0ns + o2(1+y) 4 £ S 4 2ECP + Oonk H+ s) 
X(s) + (2 — tas) (ac? + (aon +211 + w)PEon)s + 2EC Bs") (25) 
X(s) = (: + =) ue) 
On m 
(Las 4 (z + ta DEC ))s° 
(2 + 460(1 +B) + 2Seonta(1 + (1 + y)B) + nS (1 + y — a)ta)s? 
+(4ée,(1 + (1+ wh) + 2a.0(1 + +4) + w2ty(1+y—a))s + (202(1+)+a)) (26) 
-hl 
X(s) = (1 =) = 
Therefore, for the FE control law, one gets, 
(On F ¿) 
(X(s))re = mo,N(s) (27) 
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where, N(s) = (£ tast + (z H ta + 26Cta(1 B))s + +C + B) + 2€enta(1 + (1 + w)B) 
+Ong(1 + y — a)ta)s? + (4€a,(1 + (1 + WB) + 2anC(1 +y + a) + otal +y- a))s + (203(1 +y+a))) 


4 STABILITY RESULTS AND DISCUSSION 


The stability for the system can be ascertained by analysing the denominator of the 
transfer function (X(s)) pp rg Which gives the characteristic polynomial for the system. 
The roots of the characteristic polynomial which are the poles of the system decide the 
stability of the rotor AMB system with time delay. The condition for stability can be 
mathematically stated as, 


max.(Re(A)) <0 (28) 


where, 4 is the root of the characteristic polynomial for the system. 


A test system is first characterised with the help of non-dimensional parameters, the 
same is given in Table I. 


The effect of controller gains on the stability of the system is analysed first. The non- 
dimensional proportional gain for both PID and FE control laws is a = Ake = Hh, the plot 
of maximum real part of the roots of the characteristic polynomial for various values of 
the time delay and non-dimensional proportional gain a is shown in Figure 4 (a) and 
(b) for PID and FE control law respectively. 


Table 1. Non-dimensional parameters of the rotor-AMB system. 
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Figure 4. Effect of non-dimensional proportional gain, « on time delay stabil- 
ity of the system. 


It can be seen from Figure 4 (a) and (b) that the rotor AMB system with FE control 
law is more tolerant to the changes in gain values with regards to system stability. For 
example, at a = 140, the time delay value at which the system becomes unstable is 
0.65 milli-sec, whereas, the limiting time-delay value for PID control is 0.3 milli-sec. 
Similar trend is observed for higher values of a. 


The non-dimensional damping gain for both the controllers has been defined as, 
p= bike = ta, The plot of the maximum real part of the roots of the characteristic poly- 
nomial versus the time delay value and the non-dimensional damping gain £ is shown 
in Figure 5 (a) and (b) for PID and FE control law respectively. As opposed to the non- 
dimensional proportional gain a, the higher values of the non-dimensional damping 
gain £, improves the stability of the rotor-AMB system. Again, the range of values of 
time delay for which the system is stable is much higher for the FE control law as com- 
pared to the PID control law for all values of £, as is evident from Figure 5 (a) and (b). 
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Figure 5. Effect of non-dimensional damping gain, £ on the time delay stabil- 
ity of the rotor-AMB system. 


The effect of the rotor-AMB system properties such as the natural frequency of the 
system @,, and the system damping é on the stability of the system is analysed using 
the plots shown in Figure 6 and Figure 7. The higher values of system natural fre- 
quency reduce the range of time-delay values for which the system remains stable. 
However, again, for the FE control law the range of time-delay values for which the 
rotor-AMB system is stable is higher than that compared to the conventional PID con- 
trol law as seen in Figure 6 (a) and (b). For example, for a system natural frequency 
of 75 rad/s the limiting value of time delay for PID control law is 0.4 milli-sec while 
that for FE control law is 0.75 milli-sec (Figure 6 (a) and (b)), i.e., 90% higher as 
compared to PID control law. 


Figure 7 shows the plot of maximum of real part of roots of the characteristics polyno- 
mial versus the various possible system damping ¢ and time delay values. As expected 
the system damping helps in maintaining stability of the rotor AMB system for higher 
time delay values. The FE control law proves to be more delay tolerant with regards to 
system stability as compared to the PID control law especially for the case of low 
system damping values. For example, for a system with lower value of damping ratio 
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é, of 0.1, the time delay value beyond which the system becomes unstable for FE con- 
trol law is 0.35 milli-sec while that for the case of PID control law is 0.1 mill-sec only. 


Apart from the above parameters which are common to both the control laws, some 
non-dimensional parameters which are unique to controllers may also affect the 
system stability. In order to ascertain the effect of such controller parameters, the 
variation of maximum of real part of roots of the characteristic polynomial is plotted 
and analysed for non-dimensional integral gain of PID control law, i.e. 7 = bs, and the 
non-dimensional ratio of secondary stiffness (k2) and secondary damping (cy) of the FE 
control law, i.e. ¢ = %2, 
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Figure 6. Effect of system natural frequency, ov, on the time delay stability of 
the system. 


The plot of the maximum value of the real part of the roots of the characteristic poly- 
nomial for different values of the non-dimensional integral gain for the PID control 
law, 7 is shown in Figure 8. It can be seen that the stable range of time delay values 
are insensitive to the integral gain values of the PID control law, as for different value 
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of the 7, the time delay value at which the maximum real value of 2 becomes positive 
is almost same. 


For the case of FE control law, the non-dimensional parameter ¢ represents the ratio of 
the secondary damping and secondary stiffness of the FE controller. The plot of the 
maximum value of the real part of the roots of the characteristic polynomial for differ- 
ent values of ¢ is shown in Figure 9. It is evident from Figure 9 that a higher value of 
secondary damping as compared to secondary stiffness will reduce the stable range of 
the time delay values. From this one may conclude that the stable range of the time 
delay values can be further increased in the plots from Figure 4 to Figure 7 for lower 
values of the controller parameter ¢¢. This is not possible with PID control law, as the 
stable region is seen to be insensitive to the non-dimensional integral gain, 7. 
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Figure 7. Effect of non-dimensional system damping ration on the time-delay 
stability of the rotor AMB system. 
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Figure 8. Effect on non-dimensional integral gain of PID control law on stabil- 
ity of the system. 


FE control law 


350 T T T 


¢=0.01 
= (=0.15 
300 ¢=0.2 
= (=0.25 
— =0.3 
250 ¢=0.35 
— ——¢=0.4 
3 200 Max.(Re(A))=0 
O 
E 
& 150 
= 


o 01 02 03 04 05 06 07 08 09 1 
Time Delay (milli-sec) 


Figure 9. Effect of the non-dimensional ratio of secondary stiffness and 
damping of the FE control law on the stability of the system. 


5 CONCLUSION 


This work dealt with the stability analysis of a rigid rotor AMB system with time-delay 
for the case of AMB with conventional PID control law and a recently introduced Four 
Element (FE) control law. The system was modelled as a single degree of freedom 
system with an AMB and the stability analysis was carried out by transforming the 
system to frequency domain so as to exploit the Pade’s approximation in relating the 
delayed feedback signal with the rotor shaft displacement. The stability of the system 
with time delay was ascertained by value of the roots of the characteristic polynomial 
of the system for different values of the non-dimensional parameters pertaining to the 
rotor shaft system and the controller. Stability regions with respect to system param- 
eters such as the natural frequency, system damping and controller parameters such 
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as the non-dimensional proportional gain, non-dimensional damping gain were 
drawn, which revealed that the system with FE control law is much more delay tolerant 
as compared to the conventional PID control law. Moreover, the tuning of the control- 
ler parameter unique to FE control law, namely the ratio of secondary damping to sec- 
ondary stiffness of the FE controller would further increase the stable region for the 
rotor AMB system. This is not possible for the PID control law, as the stability region is 
seen to be insensitive to variations in the non-dimensional integral gain of the PID 
control law. From the findings of this work, it can be concluded that the FE control law 
outperforms the PID control law in terms of tolerating the inevitable time delay in the 
rotor AMB system. 
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threshold of vibration stability of soft 
mounted induction motors with elastic 
rotors and sleeve bearings fixed on active 
motor foot mounts for arbitrary controller 
structures 
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ABSTRACT 


In the paper an iterative calculation procedure is presented for deriving the threshold 
of vibration stability of induction motors with flexible shafts and sleeve bearings, 
mounted on soft steel frame foundations with active motor foot mounts and arbitrary 
controller structures. The mathematical model considers the electromagnetic influ- 
ence, stiffness and internal damping of the rotor, stiffness and damping of the bearing 
housings with end shields, of the foundation and of the oil film of the sleeve bearings, 
as well as the stiffness and damping of the motor foot mounts and the controlled 
forces, which are applied by the motor foot mounts. 


1 INTRODUCTION 


In rotating machinery not only forced vibrations have to be considered, but also self- 
excited vibrations, which may lead to vibration instability, often caused by the charac- 
teristic of the oil film in sleeve bearings and internal material damping of the rotor 
(rotating damping) (1-3). Large induction motors are often mounted directly on elastic 
steel frame foundations, which sometimes lead to vibration problems. The idea is to 
enlarge the system to a special mechatronic system by implementing active motor 
foot mounts - actuators - between the motor feet and foundation, sensors at the 
motor feet and a separate controller for each actuator (Figure 1). 


Stator 


Stator with 
end shields 


Control unit 


Shaft Sensors |] hearing 

End _ i 

shield 
f 


B Actuators. 


teel frame foundation 


Figure 1. Induction motor enlarged to a special mechatronic system. 


In general, implementing active vibration control is an appropriate method to reduce 
vibrations, which is used in different technical applications (4-7). The concept 
described here was basically investigated in (8), but the novelty of this paper here is 
the mathematical derivation of the calculation of the poles in the Laplace-domain and 
an example of stability analysis of a 2-pole induction motors with flexible rotor in com- 
bination with arbitrary controller structures. 
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2 VIBRATION MODEL 


The vibration model is a simplified plane multibody model (Figure 2), containing two 
main mass - the rotor mass my, and the stator mass m,, with the moment of inertia 
Os — which is basically described in (8). 


Rotor stiffness c 


Q 7 and damping d; 


Rotor mass Mwy a~ Shaft journal mass my 


Oil film 
stiffness Cy = [ 
matrix 


Magnetic 


Coz Fal 
stiffness 


Cyz Cyy Oil film ç 
Np. = (2 sa damping ~ 
5 v 
Bearing house Be 
and end shield stiffness >, 2 


and damping matrix: 


Bearing housing C, 
mass my 


Stator: mass my 

and inertia@,, 
Sensor 

(right side) 


2Masi MeL; MR 


Cn = g 0 ] 5 [s 0 Cue fe 0 | Gu = E 0 Arbitrary controller structures, 
O cy a |0 Cay O Ctyr O Ga defined in the Laplace domain, for the 
DE dia, 0 _ [daz 0 fde 0 [dm 0 left side and the right side of the motor: 
L| o dy a=] o day} “5| o dpa) Pm=lo a, Gory(s), Gery(s) 


Notice: Magnetic spring constantis not pictured in the front view 


Figure 2. Vibration model of the system. 


Additional mass are added for each shaft journal m,, for each bearing housing m,, for 
each actuator - ma (stator) and ma (armature) - and for the foundation mg, and mp. 
The rotor has the stiffness c and the internal damping (rotating damping) d;i and 
rotates with the rotary angular frequency 22. The shaft journals of the rotor are linked 
to the sleeve bearing housings by the stiffness and the damping matrices C, and D, of 
the oil film. The stiffness and damping matrices C, and D, of the sleeve bearing hous- 
ings with end shields connect the bearing housings to the stator. The stator - which is 
assumed to be rigid - is connected to the rotor in the air gap by the electromagnetic 
spring and damper matrices Cm and Dm, considering simplified the electromagnetism 
of the induction motor, based on (9-12). The actuator stiffness and damping matrix C, 
and D, link the motor feet to the foundation, which has the stiffness matrices Cy, and 
Cr and the damping matrices Dg, and Dm. The actuator forces are described by faz 
and fxr. All values of the actuators are related on one motor side. Because of the pla- 
narity of the model, only one sensor for each motor side is necessary, measuring the 
vertical motor feet vibrations — displacements (za, zar) or velocities (vaL, var) or accel- 
erations (aa, dar), depending on the feedback strategy - and transmitting the signals 
to the controllers. The controllers have arbitrary controller structures, described in the 
Laplace-domain by the transfer functions Ga,(s) and Gyr,y(s): 
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X bay as X bry sik 
uL=0 uR=0 
Gety(s) = nL + Gery(s) = mR (1) 
> QyL,y sub > QuR,y gk 
vL=0 vR=0 


The coefficients byt», bury, ayy AN apr, are the constants of the polynomial functions. 
The index y depends on the chosen feedback strategy: 


0 : Nofeedback(opencontrolloops) 

z :Feedbackoftheverticalmotorfeetdisplacements Zal, Zar (2) 
v : Feedbackoftheverticalmotorfeetvelocities Vz aL, VzaR 

a :Feedbackofthevertialmotorfeetaccelerations az aL, Az,aR 


Referring to (13-15), the oil film stiffness and damping coefficients cj = ¢j(Q) and 
dj = dj(Q) can be calculated. The electromagnetic stiffness coefficient cmq(Q, œr) and 
damping coefficient dy(Q,@r), depending additionally on the whirling angular fre- 
quency wr, can be calculated referring to (9-12). The mechanical damping coefficients 
dn (di, doz, Ary ders dyL, ders Ayr, dazı day) Can be derived by the corresponding mechan- 
ical loss factor tan ô the corresponding stiffness c, and by the whirling frequency wp, 
referring to (3,8,12): 


_ Cn- tan dy 


dn withn = i, bz, by, fzL, fvL, fzR, fyR, az, ay; with ci = c (3) 


OF 


3 MATHEMATICAL DESCRIPTION 


Based on (8), the following differential equation can be described: 
M-q -D-q+C-q=f, (4) 
with : q(t) = [253 Zwi Ys; Ywi Psi Zvi Zh; Zf; ZR; Yvi Yo; Yi YR] (5) 


including the linearization for the motor feet displacements, because of small 
displacements: - 


ZaL = Zs — Ps; Zar = Zs + Ps ` b; Yal =VaR = Ys — Ys h (6) 


The mass matrix is described by: 
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—2maa ` h 
Osx + 2Maa (b? + h?) 


0 
Mw 
0 


Ms + 2Maa 
—2ma h 


Mw 


Ms + 2Maa 
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1 x $ 
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The damping matrix is described by: 


0 —2dyz —daz —daz 0 0 0 0 
—dj 0 0 0 0 0 0 0 
0 0 0 0 0 —2dby —day —day 
0 0 0 0 —d; 0 0 0 
0 0 da,b —dazb 0 0 dayh dayh 
2dz + di —2dz 0 0 2dzy —2dzy 0 0 
—2dz 2(doz + doz) 0 0 —2dry 2dzy 0 0 
0 0 daz + de 0 0 0 0 0 
0 0 0 daz + dur 0 0 0 0 
2dyz —2dy, 0 0 2dyy + di —2dyy 0 0 
—2dy, 2dyz 0 0 —2dyy  2(dyy + doy) 0 0 
0 0 0 0 0 day + dyL 0 
0 0 0 0 0 0 0 day + dyr 
(8) 
The stiffness matrix is described by: 
[ 2(Caz + Coz) — Cma Cmd 0 0 0 
Cmd C — Cmd 0 dQ 0 
0 0 2(Cay + Chy) — Cmd Cmd —2cayh 
0 -dQ Cmd C — Cmd 0 
0 0 —2cayh 0 Ucak? + cab’) 
0 =c 0 —dQ 0 
C= —2cbz 0 0 0 0 
— Caz 0 0 0 Cazb 
— Caz 0 0 0 —Cazb 
0 dQ 0 =¢ 0 
0 0 —2cry 0 0 
0 0 Cay 0 Cayh 
L 0 0 Cay 0 Cayh 
0 — 2b, —Caz —Caz 0 0 0 0 ] 
—c 0 0 0 -dQ 0 0 0 
0 0 0 0 0 —2cby —Cay —Cay 
dQ 0 0 0 =¢ 0 0 0 
0 0 Cazb —Cazb 0 0 Cayh Cayh 
2cz +c —2cz 0 0 2czy + diQ —2czy 0 0 
—2czz 2(czz + Coz) 0 0 —2czy Ži 0 0 (9) 
0 0 Caz + CHL 0 0 0 0 0 
0 0 0 Caz + CER 0 0 0 0 
2cyz — GQ. —2cyz 0 0 2cyy +c —2cyy 0 0 
—2cyz 2cyz 0 0 —2cyy 2(cyy + ery) 0 0 
0 0 0 0 0 0 Cay + CyL 0 
0 0 0 0 0 0 0 Cay + CAR J 


The actuator force vector f,(t) can be split into the actuator force vector on the left side 
faz (t) and on the right side fazr(t) of the motor: 


fa(t) = az (t) + far (t) = Pa -faza (t) + Par - fare (Ct) with : (10) 
Pan. = (1; 0; 0; 0; —b; 0; 0; —1; 0; 0; 0; 0; 0)” (11) 
Parr = (1; 0; 0; 0; b; 0; 0; 0; — 1; 0; 0; 0; 0)” (12) 
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Now the derivation of the calculation of the poles in the Laplace-domain can be per- 
formed. Therefore, the system has to be switched from time-domain to Laplace- 
domain. When transferring the differential equation in the Laplace-domain with initial 
conditions are zero, follows: 


M- Q(s) -s? +D- Q(s) -s +C- Q(s) = Fa (s) (13) 


With the substitutions X; (s) = Q(s) and X2(s) = Q(s) - s follows the state equation: 


X(s) Ast RE Ba 


and the output equation: 


i n 01s Xi (s) 013 
n° | Mic =f ESI Sa’ (15) 
Y(s) Ca X(s) na 


with the zero-matrix 0,3 € R 1*1 and the unit-matrix I,3 € R 1°*1. Now the actuator 
force vector F,(s) is described in the Laplace-domain by: 


F,(s) = Fan(s) + Fuzr(s) = Past ` FazL (S) + Parr ` Fazr(s) with : (16) 
0 fory = 0 

Fal) =) PN Get): “fh ere) aa 
—AzaL (S) © GeL a(s) = — Azs(s) z Ags(s) i b) i GeL als) fory =a 
0 fory = 0 

hag = e. a —(Z.(s) + ®5(s)-b) -Gerz(s)  fory=z (18) 


) Gerv( 
( 


za )= Ve z,3(8) + Ves(s)-b) - Gory(s) fory =v 
Secs Gera s)= 


s(s) +Ays(s)- b) - Grals) fory =a 


The variable Z,(s) is the Laplace-transformed vertical displacement of the stator centre 
point S and ®,(s) is the Laplace-transformed angular displacement of S at the x-axis. 
The variable V,,(s) is the Laplace-transformed vertical velocity of S and V,,(s) is the 
Laplace-transformed angular velocities of S at the x-axis. The variable 4,,(s) is the 
Laplace-transformed vertical acceleration of S and 4,,(s) is the Laplace-transformed 
angular accelerations of S at the x-axis. Now a controller transfer matrix Ts„(s) can be 
derived, considering that the output vector Y(s) is lead back. 


F,(s) = Pas ` Fazl (S) + Pazr ` Farr(s) = —Tsty(s) - ¥(s) (19) 


The controller transfer matrix T.,(s) can now be described by: 


[013 013 0:3] fory = 0 

_ [T, 013 0:3] fory =Z 
Taty(s) = [O13 Ty 03] fory=v (20) 

[013 03 Tal fory =a 
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with: 


Gay(s)+Gary(s) 0 0 0 d/GRy(s)-Gxryz(s)} 0 0 0 000 0 0 
0 000 0 0000000 0 

0 00 0 0 0000000 0 

0 000 0 0000000 0 
b[Gery(s) -—Gay(s)] 0 0 0 Bl[Gay(s)+Gry(s)} 0 0 00000 0 
0 00 0 0 0000000 0 

T,(s) = 0 000 0 00000000 
-Ge z(8) 00 0 b+ Ga.y(s) 0000000 0 
—Gery(s 00 0 -b - Grys) 00000000 

0 00 0 0 00000000 

0 00 0 0 00000000 

0 00 0 0 00000000 

L 0 00 0 0 00000000 


with T,(s), Ty(s), Ta(s) € C*3**3 and To(s) = 013 € R*3**3. This can be pictured in the state 
space model in Figure 3. Index “st” is used for the matrices of the state space to avoid 
mix-up with the stiffness matrix C and damping matrix D. 


> Det 
s+ X(s) X(s) | Y(s 
| Bst > a Ce + (s} 
sS 


Fa (s) 


Tsty |< 1 K 


Figure 3. State space model for vibration control regarding stability analysis 
with negative feedback of the output vector. 


Now the system can be described by: 
X(s) -s = Ax -X(s) + Ba - Fa(s) (21) 
Y(s) = Cst- X(s) + Dst - Fa(s) (22) 
With F,(s) — Ts.y(s) - ¥(s) follows: 
X(s) -s = As -X(s) — Be - Tot (s) - ¥(s) (23) 
¥(s) = [Ibo + Det - Tsty(s)]* - Cet -X(s) (24) 


After inserting (24) in (23) follows: 


[las s — Ast + Bu Tsty(s) + [Ia + Dar Tsty(s)] | + Cu] -X(s) = 0 (25) 
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with the unit-matrices Ih, € R7°%2° and bo € R2°*°. Therefore, the poles of the system 
can now be calculated by: 


det [hes -s — As + Bst- Tals he + Dst- Teil Cx =0 (26) 


This direct procedure is only possible if the matrices Ay, and Cy are independent of the 
whirling frequency wp, corresponding here to the natural angular frequency. However, 
this is not the case here. The rotary angular frequency 2 will be increased here until 
the real part of the pole, which will lead to instability, reaches zero, then the threshold 
of stability is reached. In this case, the rotary angular frequency 2 becomes 2st and 
the critical pole becomes sstab. 


Q = Qyav; Sstab = Ej ` Ostab (27) 


Therefore, the critical mode vibrates at Q,,,, with the natural angular frequency wsta, with- 
out decaying, and the whirling angular frequency wr is equal to the natural angular fre- 
quency øsa for the considered mode (wr = asta»). The oil film stiffness coefficients cj and 
the oil film damping coefficients dj are still functions of 2, but the mechanical damping 
coefficients d, are functions of the whirling angular frequency wp and so functions of the 
natural angular frequency ws». The magnetic stiffness coefficient cma and the magnetic 
damping coefficient dm also depend on the rotary angular frequency 2 and on the natural 
angular frequency asap. Therefore, the stiffness matrix C and the damping matrix D as 
well as the matrices Ast and C,, become depended on 2 and ON weap. 


cjj(Q), di (Q), dn(@F), Cma(Q, Or), dm(Q, or) —> c(Q, or), D(Q, wr) -— Ag (Q, or), Cot (Q, wr) (28) 


Therefore, an iterative solution is necessary to derive the threshold of stability, which 
is described in Figure 4. 


Ms, Os, Mw, My, Mp, Maas Mas» 


MeL, Mp, h, b, 
t T b Wstab2 — Wstaba| 
QuL,y- AuR, y PuL, y PyR, y” 
C, Cryzs Cby» Caz» Cay» CfzL» CfyL 
Cir: Cyr Gij (0), dj) One 


stab,1 


®stab,2 
-1 ®stabn =| \ 22 es 
det tag +S = Ase + Bur Tayl) (19 +Dae Tey(9))  -Cu]=0 || 
stab,2 wp = 
s F 
Wstab,n+1 


®stabn = 
Wstab,n+1 


“1 
det [bs -s — Age + Bot + Tsty(s) + (Iso +Dsr Tsty(s)) Ca] =0 


= 
det [Iz + s — Ast + Boe Taty(S) + (Isp +Dar Tary(5)) -Ca = 0 


Ostab 23 Sstab,2 = Ej * Wstab,2 


®stab,2 


2stabn+1) Sstabn+1 = +) * stabn+1 


®stab,n+1 


|@stabn+1 = Wstab,n| 


<a > ----- 
stab,n 


Qstab = Qstabn+1 
®stab= Wstabn+1 


Figure 4. Flow diagram for deriving the threshold of vibration stability. 
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4 NUMERICAL EXAMPLE 


In this section the threshold of stability is analysed for a 2-pole induction motor (Table 1), 
with sleeve bearings and flexible rotor. The induction motor is mounted on a soft founda- 
tion with active motor mounts between the motor feet and foundation and is driven by 
a converter with constant magnetization in the whole speed rang, operating without 
load (s = 0). 


Table 1. Data of the two-pole induction motor, actuators and foundation. 


Data of the motor: 


- Mass of the stator ms = 7040 kg 

- Mass inertia of the stator at the x-axis Osx = 1550 kgm? 
- Mass of the rotor mw = 1900 kg 

- Mass of the rotor shaft journal my = 10 kg 

- Mass of the bearing housing m, = 80 kg 


- Stiffness of the rotor 


c=1.0- 108 kg/s? 


- Undamped magnetic spring constant 


Cm = 7.0- 10° kg/s? 


- Height of the centre of gravity S 


h = 560 mm 


- Distance between motor feet 


2b = 1060 mm 


- Horizontal stiffness of bearing housing and 
end shield 


Coy = 4.8- 108 kg/s? 


- Vertical stiffness of bearing housing and end shield 


Coz = 5.7- 108 kg/s? 


- Mechanical loss factor of the bearing housing and end 


shield tan dp = 0.04 
- Mechanical loss factor of the rotor tan 6; = 0.03 
Data of the sleeve bearings: 
- Bearing shell Cylindrical 
- Lubricant viscosity grade ISO VG 32 
- Nominal bore diameter/Bearing width də = 110 mm/bp = 
81.4 mm 
- Ambient temperature/Supply oil temperature Tamb = 20°C/Tin = 40°C 
- Mean relative bearing clearance (DIN 31698) Wm = 1.6 %0 
Data of the actuators (for each motor side): 
- Mass of the stator Mas = 10 kg 
- Mass of the armature Maa = 3 kg 


- Vertical stiffness for each motor side 


- Horizontal stiffness for each motor side 


Caz = 1.2 - 108 kg/s? 
Cay = 3.0- 108 kg/s? 


- Mechanical loss factor of the actuators 


tan ô, = 0.04 
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(Continued ) 


Table 1. (Continued ) 


Data of the motor: 


Data of the foundation (for each motor side): 


- Mass left side my, = 30kg 

- Mass right side mr = 30kg 

- Vertical stiffness for each motor side Cet =Cer = 1.5- 108 kg/s? 
- Horizontal stiffness for each motor side Cry. =Cry_ = 1.0 - 108 kg/s? 
- Mechanical loss factor of the foundation tan dp = 0.04 


The electromagnetic spring value cma and the electromagnetic damper value dm are cal- 
culated according to (9-12), depending on rotor angular frequency 2 and on whirling 
angular frequency wr. For the control system, a feedback of the vertical motor feet 
accelerations is chosen, so that the index y becomes a. The transfer function for both 
controllers - which is supposed to be identical for the left side and for the right side of 
the motor - is arbitrarily chosen here as polynomial functions of 3"? degree for the 
numerator and for the denominator, defined in the Laplace-domain: 


b3a -$ + boa =s + bia -S+ boa 


a3 a: 9 + Arq: S? +da: S adoa 


GeL a(s) = Gera ls) 


(29) 


The coefficients are described in Table 2. 


Table 2. Coefficients of the transfer function of the controllers for feed- 
back of the motor feet accelerations. 


Coefficients of the numerator | Coefficients of the denominator 
boa = 1-108 [kg/s] aa = 0 [1/5] 

bia = 1- 106 [kg] aia = 100 [-] 

by, = 1 - 106 [kgs] aza = 10 [s] 

bza =0 [kgs? aza = 1 [s?] 


[ 
[ 


The coefficients are only chosen roughly. The reason is that it is not the aim of the 
paper to find the optimal justification of the controllers for this example, but to show 
the fundamental influence of the control system. Now the threshold of stability is cal- 
culated for different cases (Table 3). Table 3 shows, that if the motor is mounted dir- 
ectly on a rigid foundation (case 1) the threshold of stability is lowest (3415 rpm). If 
the motor is now directly mounted on the soft foundation (case 2), the threshold of 
instability increases strongly by 40.7% to 4805 rpm. When now inserting the actu- 
ators between the soft foundation and the motor feet and operating with open control 
loops, so that the actuators only act passively (case 3), the threshold of stability 
decrease again to 4190 rpm (-12.8%). If now the control loops are closed (case 4), 
the threshold of stability increases to 6820 rpm (+62.8%). 
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Therefore this example shows, that here active vibration control is very effective, 
increasing the threshold of stability at about 2015 rpm (+41.9%) from 4805 rpm 
(case 2) to 6820 rpm (case 4), if the motor shall be operated on the soft foundation. 


Table 3. Threshold of stability nsa and whirling angular frequency oF = Ogtay 
of the critical mode for different cases. 


OF = stab 


Case [rad/s] 


1) Motor mounted directly on a rigid foundation, without 


actuators 130:4 


2) Motor mounted directly on the soft foundation, without 


actuators 223.0 


3) Motor mounted on the soft foundation with actuators, 
but with open control loops (actuators are only operating 208.6 
passively) 


4) Motor mounted on the soft foundation with actuators 
and with closed control loops (actuators are operating 
actively) 


When considering that the whirling angular frequency œr corresponds to the angular 
natural frequency of the critical mode, which gets instable - neglecting the boundary 
condition that this is strictly speaking only valid at the threshold of stability for the cal- 
culation process - the modal damping values of the critical mode can be calculated for 
the different cases (Figure 5). 


o o o 
k=] oe B 2 w 
& P a rey a 


Modal damping value [-] 


o 


2500 3000 3500 
-0,05 


Case 1 
-0,1 


Figure 5. Modal damping values of the critical mode for the different cases. 


5 CONCLUSION 


In the paper an iterative calculation procedure is presented for deriving the threshold 
of vibration stability of induction motors with flexible shafts and sleeve bearings, 
mounted on soft steel frame foundations with active motor foot mounts for arbitrary 
controller structures. The mathematical model considers the electromagnetic 
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influence, stiffness and internal damping of the rotor, stiffness and damping of the 
bearing housings with end shields, of the foundation and of the oil film of the sleeve 
bearings, as well as the stiffness and damping of the motor foot mounts and the con- 
trolled forces, which are applied by the motor foot mounts. Beside the mathematical 
description a numerical example was presented, where the effectiveness of this con- 
cept of active vibration control was shown. Currently experimental tests are running in 
the laboratory, based on a small 2-pole induction motor (11kW). However, tests based 
on large induction motors (>1MW) are planed in the future. 
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and dynamic characteristics of partially 
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ABSTRACT 


When a surface texture is formed on the bearing surface of a journal bearing, the lubri- 
cation characteristics change due to changes in the fluid film thickness. According to 
previous studies, when the entire bearing surface is textured, the load-carrying cap- 
acity of oil film decreases due to the increases in apparent film thickness. Besides, 
Yamada et al. demonstrated that the hydrodynamic force in the circumferential direc- 
tion decreased, and the stability of the rotating shaft improved. Our numerical studies 
showed that maintaining the load-carrying capacity and improving the stability of 
a rotor supported in the bearing can be achieved at the same time if the texture is pro- 
vided in an appropriate region, but the results have not been confirmed by the experi- 
ments. In the study, to investigate the effect of the texture position of the bearing 
surface on the static and dynamic characteristics of a partially textured journal bear- 
ing, experiments were conducted with a test bearing of which 90° texture is attached 
to the loaded or unloaded sides of the bearing surface. The experiments confirm that 
the load-carrying capacity depends on the circumferential position of the texture. 
When the texture is placed on the unloaded side of the bearing surface, the load- 
carrying capacity is more significant than that of the bearing with the texture placed 
on the loaded side. On the other hand, the reduction of the cross-coupled stiffness 
coefficient, which is the cause of the self-excited vibration, is slightly higher when the 
texure is placed on the loaded side. 


1 INTRODUCTION 


Surface texturing has evolved along with the development of micro-fabrication tech- 
niques and has been applied to various tribological elements, such as piston rings [1], 
mechanical seals [2], and thrust bearings [3]. Some experimental studies on the fric- 
tional characteristics of textured surfaces have demonstrated that surface texturing 
extends the operational conditions under a hydrodynamic lubrication regime [4], 
reduces their friction coefficient under a boundary-lubrication regime [5], and 
improves their anti-seizure performance [6]. 


This technique has also attracted attention in the field of the journal bearings. Many 
research groups have investigated the effect of surface texturing on the static charac- 
teristics of the bearings [7-10], and they obtained some valuable information. When 
a surface texture is formed on the bearing surface of a journal bearing, the lubrication 
characteristics change due to changes in the fluid film thickness. In general, the load- 
carrying capacity decreases because the apparent film thickness increases due to the 
surface texture. However, Tala-Ighil et al. [9] and Brizmer [10] have revealed that the 
load-carrying capacity was increased somewhat by manufacturing surface texture on 
an appropriate area of the bearing surface. On the other hand, the dynamic character- 
istics have only been investigated experimentally by Dadouche et al. [11], and they 
demonstrated that the direct stiffness and damping coefficients of textured bearings 
could become more substantial than those of smooth bearings under some geomet- 
rical parameters of textures and operating conditions. Yamada [12, 13] have also 
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analysed numerically and experimentally the load-carrying capacity and dynamic 
coefficients of journal bearings with square dimples on the whole of the bearing sur- 
face, and they also demonstrated that the fully textured bearings improve the stability 
of a rotor supported in the bearings, but decrease the load-carrying capacity. 


As mentioned above, fully textured bearings can improve the stability of the rotor sup- 
ported in the bearings, but the load-carrying capacity decreases. To suppress the 
reduction of the load-carrying capacity, we focus on the partially textured bearings, of 
which the texturing area is limited on the bearing surface in the circumferential direc- 
tion, and performed some numerical calculations. Some results showed that the par- 
tially textured bearing could improve the dynamic and stability characteristics at the 
same time while maintaining the load-carrying capacity if the textured region is placed 
on the unloaded side of the bearing surface [14]. Although these results have been 
obtained, they have not been confirmed experimentally. 


In the study, we focus on the partially textured bearings, of which the texturing area is 
limited on the bearing surface in the circumferential direction, and numerically investi- 
gate the effect of the texturing region on the static and dynamic characteristics of the 
bearings. 


2 EXPERIMENTS 


2.1 Experimental setup 

Figures 1 (a) & (b) show an overview and a photo of the experimental setup for the 
measurement of static and dynamic characteristics of journal bearings used in the pre- 
sent study. This experimental setup was used in our previous studies [14], and hence 
we described briefly here. 


The test section is enclosed by a rigid frame (300x300x360mm) which is fixed on 
a rigid base. A test journal bearing is floating on a rotating shaft of 50mm in diameter 
supported at both ends by two angular bearings. The shaft is driven by an electric 
motor through a pulley-belt arrangement at a rotational speed up to 3000 rpm. 
A welded metal bellows can apply a static load downward in the vertical direction to 
the test bearing by injecting compressed air from a compressor. Four piezo-actuators 
as shakers are mounted to the test bearing at 45° to the vertical axis at the both bear- 
ing ends and can apply both static and dynamic loads to the test bearing via a parallel 
leaf spring block. These actuators can also adjust the axial alignment of bearing with 
the additional static load by the actuator. 


The static and dynamic loads are measured by load cells attached to the test bearing, 
and the relative displacements between the test bearing and journal are measured 
with two pairs of four eddy current displacement sensors (range: 2mm, resolution: 
0.3um) installed at each end of the test bearing in the directions of dynamic forces (& 
and n directions in Figure 1(b)). The lubrication oil is supplied into the bearing clear- 
ance through axial grooves via oil supply holes. The exhausting oil temperature is 
measured with two K-type thermocouples at the oil-drain port. The signals of the dis- 
placement sensors, load cells and thermocouples are transmitted to a personal com- 
puter via A/D convertor. 
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(a) Supplied oil 
Exhausted oil 
Compressed air 


Test 
bearing 


Electric motor Pulley & belt coupling 


Support 
bearing 


Air bellows 


Displacement sensor 


Test bearing 


Oil groove 
Load cell 


Parallel leaf spring 


Piezo actuator 


Figure 1. Experimental setup (a) Overview, (b) Photo (c) Schematic of the 
loading system. 


2.2 Test bearing 

Figure 2 shows a partially textured bearing we employed in the study (indicated by 
symbols “PTX”). The basic shape of it is a circular journal bearing with two axial oil 
grooves. Square dimples are attached to the quartered area of the bearing surface in 
the circumferential direction. As the shape of the test bearing excepting the dimples is 
symmetrical with respect to the oil grooves, the texture range in the circumferential 
direction can be arranged on the loaded side, or the unloaded side by changing the 
load direction for the bearing as shown in Figure 3. 
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Oil supply groove 
(b) PLN / FTX 


Figure 2. Test bearings (a) Partially textured bearing, (b) smooth bearing/ 
fully textured bearing. 


To compare the experimental results, we also prepared a smooth journal bearing (indi- 
cated by symbols “PLN”) and a fully textured journal bearing (indicated by symbols 
“FTX”) as shown in Figure 2(b). These bearings were used for the previous studies. It 


should be noted that they have one axial oil groove. Table 1 shows a specification of the 
bearing. 
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(a) PTX_uL (b) PTX_L 


Figure 3. Load direction and test Bearings. 


Table 1 . Specification of the test bearing. 


Bearing type 
Material Brass (JIS C2801) 
Inner diameter D 50.05 
Length 50.00 


Mean radial clearance | C 26 


Figure 4(a) shows a schematic of the square dimples used in the present study, and 
the specification of the dimples is shown in Table 2. The dimples are textured uniformly 
on the bearing surface by electrical discharge machining with an accuracy of + 
0.02 mm for the dimple width. The appearance and the surface profile are shown in 
Figure 4(b) & (c). 


Table 2 . Specification of the dimples. 


Bearing type FTX 
Dimple width la = ly 0.65 
Dimple pitch ln = l2 1.30 


Number of dimples | N, = No x N, 988(26x38) | 4294(113x38) 
Dimple depth h 22 30 
Total dimple area Io X la X M 417 1815 
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Figure 4. Detail of the dimples (a) Schematic of dimples, (b) Photo, (c) Sur- 
face profile of the bearing surface. 


2.3 Measurement of dynamic characteristics of journal bearings 

When small displacements are applied to the rotor, Ax and 4y, and small velocities, 
Axand Ay, in vertical and horizontal directions around its equilibrium position, the lin- 
earized oil-film reaction forces f% and f, can be expressed with stiffness coefficients 
k,cyand damping coefficients (i,j = x,y)as follows: 


Se = fo + ke Ax + kyAy + Cx AX + Gy Ay (1) 
fy = fio + Ky Ax + ky Ay + CMe + GV 


where fio,f0 are static oil film reaction forces in the x and y direction respectively. 


In the present study, the sinusoidal-excitation method was employed to determine k; 
and cj. The sinusoidal dynamic force was applied to the test bearing, and the relative 
displacement of the bearing motion was measured simultaneously. Once the dynamic 
coefficients were obtained in the é— 7 coordinate system, then they were transformed 
into the x — y coordinate system using the rotation matrix of 45°. 


In the results, we express the dimensionless stiffness and damping coefficients Kj, Cy 
defined as follows: 


C Co 
ky, Cy W c(i j = x,y) (2) 


where ow is the angular speed of the shaft, and Wis the static load. 


136 


2.4 Experimental conditions 
The experimental conditions are listed in Table 3. In the study, the experiments were 
conducted for a wide range of Sommerfeld number S, which is defined by 


NuDL R? 

Bae Ce @) 
where N is the shaft speed, and wu is the viscosity of the lubricating oil. The oil used in 
the study was ISO VG8 grade oil. S was varied from 0.2 to 1 by altering the value of W 
while keeping N constant. For the dynamic test, a sinusoidally oscillating force with 
a frequency of 2Hz was applied to the test bearing separately from two perpendicular 
directions of theé and 7 coordinates, and its amplitude was adjusted such that the 
magnitude of relative displacement between the bearing and the journal corresponded 
to one-tenth of the mean radial clearance C. 


Table 3 . Experimental condition. 


Value 


Sommerfeld number 0.2-1.0 


Static load 150-750 
Shaft speed [s7!] 11 (660rpm) 


Supply oil temperature ; [°C] 30+3 


Flow rate of oil supply ; [ml/min] 100 
Viscosity of oil (@25°C) | u [mPa - s] 14 (VG8) 
Excitation frequency [Hz] 2 


In addition, an uncertainty analysis of the dynamic coefficients was performed to 
check the accuracy of the obtained experimental results in accordance with the ANSI/ 
ASME standard on measurement uncertainty[15]. Although uncertainties varied 
withsS, the average uncertainty values for all experimental results over a tested range 
of S are presented as follows: 


Ka, Ky = 19%, Ky, Kys = 11%, Cox; Cy = 13%, Cy, Cx = 20% (4) 


3 RESULTS AND DISCUSSION 


Figure 5(a) represents the journal centre loci measured in the experiments. In the 
figure, coloured circles represent the measured results for the partially textured bear- 
ing (Red: PTX_L or Blue: PTX_UL), and the black and white circles the smooth bearing 
(PLN) and the fully textured bearing (FTX) respectively. The solid line depicts the 
numerical results for PLN. The journal centre loci of PTX_L and PTX_UL move “inward” 
compared to those for PLN and FTX, i.e., it gets close to the vertical axis. This is due to 
the difference in the shape of the oil supply grooves. 


Figure 5(b) shows a variation of the eccentricity ratio with the Sommerfeld number S. 
For the same value of S, the eccentricity of PTX_L and FTX is greater than that of PLN 
and PTX_UL. The load-carrying capacity is reduced due to the increase of the apparent 
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bearing clearance on the loaded region of the bearing surface. These results suggest 
that the partially textured bearing can maintain the load-carrying capacity if the dim- 
ples are placed on the unloaded region of the bearing surface. 


(a) 


90 


—Num. PLN 

e Exp. PLN 

o Exp. FTX 

o Exp. PTX_L 
o Exp. PTX_UL 


Eccentricity ratio £ [-] 


Attitude angle ® [deg] 


Eccentricity ratio £ [-] 


0.01 0.1 1 10 
Sommerfeld number S [-] 


Figure 5. Static Characteristics (a) Journal centre loci, (b) Eccentricity ratio. 


Figure 6 shows the results of four stiffness and four damping coefficients with S. The 
numerical results shown in the figures are calculated by using the perturbation 
method. K, Ky, Cx, Gy for both the partially textured bearings show a different trend 
with S compared to PLN and FTX. In particular, the force generated in the y direction is 
smaller than that in the x direction, especially in the range of high S. This may be 
mainly due to the difference in the oil grooves. 


As for the texture position, the stiffness and damping coefficients for both the partially 
textured bearings vary in the qualitatively similar way with S. Besides, the magnitude 
of the cross-coupled stiffness coefficients, which is a cause of the oil whip or oil whirl, 
are slightly smaller when the texture is placed on the loaded side. These results sug- 
gest that the texture on the load side is more effective in reducing the destabilizing 
force[13]. 
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Figure 6. Stiffness and damping coefficients. 


4 CONCLUSIONS 


In this study, we investigate an effect of the texture position of the bearing surface on 
the static and dynamic characteristics of a partially textured journal bearing. Experi- 
ments were conducted with a test bearing of which 90° texture is attached on the 
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loaded or unloaded sides of the bearing surface. The following conclusions are 
obtained; 


(1) The experiments confirm that the loading capacity depends on the circumfer- 
ential position of the texture. When the texture is placed on the unloaded side 
of the bearing surface, the load-carrying capacity is more significant than 
that of the bearing with the texture placed on the loaded side. 

(2) When the texture is placed on the loaded side of the bearing surface, the 
reduction of the cross-coupled stiffness coefficient, which is the cause of the 
self-excited vibration, is slightly higher than that on the unloaded side. 
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ABSTRACT 


In the majority of applications, vibrations in a rotor system must be kept at 
a minimum to ensure optimal performance, minimised environmental transmission, 
and safe operation. Many approaches have been used to reduce their effects, including 
balancing, active bearing support, or rotor alterations, but few offer very compact and 
high-speed active control. This paper examines a novel active internal topology for 
hollow rotors. Low frequency actuation in the rotating frame of the rotor is thus 
equivalent to near synchronous actuation in a fixed, non-rotating, frame. Control 
strategies have been simulated and shown to decrease by 99% the runout and by 
50% the reaction forces when crossing a critical speed. 


1 INTRODUCTION 


Rotating machinery plays a crucial role in the modern industrial world, but it is prone 
to generate different level of vibrations, which very often will have a detrimental effect 
on the performance of a system. An uncontrolled high level of vibrations will induce 
stresses in components, reducing their lifetime, generating noise, and causing rubs if 
clearances are exceeded. These disturbances come largely from unbalance, but also 
from thermal bends along the rotor, or from the environment around the machine. 


The most straightforward approach to control vibrations is to balance the rotor, unbal- 
ance being the primary source of disturbances. Passive balancing is well known and 
described in the ISO standards [1] and is often a necessary step before any other type 
of vibration control is considered. However, the balancing condition can change when 
the rotor is in operation and when passive balancing is no longer accessible. Active 
balancing, where masses are moved around at different angles on the shaft can then 
be an option [2, 3, 4, 5, 6] to cater for variable balanced state, and an extensive 
review of these techniques can be found in [7]. However, this still enables only the 
control of synchronous disturbances. To control other types of vibrations, the support 
of the rotor can be altered, with for instance active magnetic bearings [8, 9], or ball 
bearings on piezo-electric actuators [10, 11, 12, 13]. However, the support is not 
always accessible to be modified, and some solutions like active magnetic bearings 
come with hardware to fit in the vicinity of the support. When space is very limited the 
rotor itself can be altered with alternative manufacturing techniques with, for 
instance, tie bolt assemblies [14] or composite shells [15, 16]. To improve further 
vibration reduction with a small footprint, some research has been carried out to apply 
direct bending on the rotor, for instance via functionally graded composites [17, 18], 
or piezo electric patches [19, 20, 21]. Although efficient at low speed, piezo patches 
are limited in bending moment whereas functionally graded material can be challen- 
ging to manufacture and service. 
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This paper introduces a novel internal topology for hollow rotor vibration mitigation, 
aimed at overcoming the force limitation of actuated rotors, whilst keeping the design 
modular and with a minimal footprint. The concept relies on miniaturised actuators 
applying controlled forces on disks perpendicular to the axis of rotation leading to 
a bend of the active section. This gives capability to the rotor to apply a counter bend- 
ing moment and remain straight. This applies without the need for high frequency 
actuation since the actuator is located in the rotating frame. 


Firstly, a description of the novel rotor topology and general dimensions based on an 
existing test rig is given. Its modelling via finite element analysis and a state space 
formulation with unbalance response follows. Then, the results and the effect of the 
proposed controlled method is presented. Finally, the results are discussed and on- 
going and future work is described. 


2 ROTOR MODELLING 


2.1 General rotor dimensions 

The dimensions of the rotor used for the analysis are shown on Figure 1, along with 
the concept of the active system to be controlled. To enable straightforward manufac- 
turing, the rotor is divided into three sections joined together via rigid couplings. The 
two outer sections are simple tubes, which are mounted on bearings. They are hollow 
in order to carry the cables that the actuators will need for power and communication 
with the controller. The middle section is a hollow cylinder of a larger diameter and 
actuation to apply an equivalent bending moment at points where the diameter 
changes. A set of flanges with multiple holes at the couplings and in the middle allow 
balancing of the rotor and the mounting of trial masses. The material used for the 
active section is considered to be high strength aluminium 7075 to circumvent manu- 
facturing constraints, while the passive sections are made of mild steel. A motor with 
a flexible coupling rotates the whole assembly up to 10,000 RPM. Between the actu- 
ator control force and the moment applied on the rotor, a force multiplication architec- 
ture as well as a lever arm mechanism will ensure a maximum bending moment 
estimated to go up to 190 N.m for an actuator force of 220 N. 


Bearing 


Passive rotor section Active rotor section Passive rotor section 


a) 


0.2 0.4 0.6 0.8 1 1.2 
Length [m] 


b) 


Figure 1. a) Rotor Concept b) Model dimensions. 
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2.2 Finite element modelling of the system 

The rotor is modelled via a decomposition into Timoshenko beams finite elements with 
each node having two translational {x;,y,} and two rotational {4;,y,} degrees of free- 
dom in the radial direction. Once decomposed into the N-1 elements, the generalised 
displacement vector can be described as 


Ò = {ry Oy, e HOW, --. XNYWOvYy}” (1) 


The generalised displacement vector and the shape functions of the Timoshenko beam 
formulation may be used to compute the strain energy U and kinetic energy T of the 
system, and equated to the external load F using the Lagrange equation: 


d () or wu _, 0) 


dt\as) ð 66 


Equation (2) can then be rearranged as a function of the generalised displacement 0 
and its derivatives to reveal the traditional mass, damping, and stiffness matrices M, 
Cand K, as well as the rotational speed of the rotor 2: 


[M]ò + Q[C]65 + [K]ô = F (3) 


This is the general equation for the unsupported rotor. In order to integrate the effect 
of bearing supports, stiffness and gyroscopic coefficients can be superimposed, 
respectively, on the K and C matrices at the nodes corresponding of the bearing loca- 
tions. The control and unbalance forces will be added as parts of F on the appropriate 
nodes and degrees of freedom to simulate the effect of unbalance and of the control. 


2.3 Unbalance response 

In order to study the passive regime response of the system with very low computa- 
tion time, the displacement and the external forces can be assumed to vary sinusoid- 
ally with speed: 


{ô} -= {A} +e! 
{ {F} = {Np} * |F| * ellQt+y) (4) 


where {A} the amplitude vector of the nodal degrees of freedom, tis time, Np the loca- 
tion of application of the external force or moment, |F| its magnitude and ¢ is the 
phase difference. When substituting the displacement and force from equation (4) in 
equation (3) it is possible to obtain the expression of the amplitude of the generalised 
displacements as 


{4} = (-P [M] + 191C] + [K])' {Neu }Fa * e° + {Nuc} Me + ee) 6) 


where, respectively, Fy and Mc are the magnitudes of the unbalance force and control 
moment, and @ry and mc are their phase differences. Ney and Nmc are the location 
vectors of the unbalance force and control moments, with a 1 and a -/, respectively on 
the x and y axes of the node where they are applied: 


Xu Yu 


yn æ 
(We) = {0...0 1 — Ñ 0...0} 
{Nuc} = {0 Ot ~ {0.0} 


omc Wuce 


(6) 
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The magnitudes of the displacement and slopes at a given node can be found by 
taking the real part of the vector A from equation (5). 


2.4 State space simulation 
Alternatively, the system can be set up in a state space formulation by setting 


=i} o) 


rearranging equation (3) into 


{ {4} = [A] * {q} + [B] * {u} (8) 
{p} = [E] + {4} + [F] * {u} 


where {p} is the desired output, {u} the external load, and A, B, E and F of equation 
(8) are defined as 


[£] = [7] 
[F] = [0] 


The system can be then configured in a block diagram with software such as Simulink, 
with the external forces {u} used as the input, of the system, and the generalised dis- 
placements and their derivatives {q} coming as output and used to compute the 
external forces of the next time step. 


Another use of the state space matrices is to facilitate the computation of the natural 
frequencies w, of the rotor system using the matrix [A] defined in equation (9) 
through the diagonal eigenvalue matrix [A]: 


diag(@n) = |diag[}]| = |eig([4])| (10) 
From here, the corresponding eigenvectors {V} can be found as they satisfy: 
[A}{V} = {V} i] (11) 


The eigenvectors, when sorted in ascending order by their eigenvalues, will represent 
the deformed shape of the rotors when passing through the resonance frequencies or 
critical speeds, and are of interest to estimate the vibration signature of the rotor 
when running up in speed. 


3 SIMULATION RESULTS 


3.1 Modal analysis 

Using equations (10) and (11), the eigenvalues and eigenvectors of the active rotor 
modelled can be estimated, in order to determine whether or not it will be operating in 
the flexible or rigid regime. Figure 2 displays the mode shapes, as well as the reson- 
ance frequencies. From these results, only the first bending mode will be crossed 
within the speed range of the motor of the test setup, rated for a maximum of 10,000 
RPM. The second mode is seen at the maximal speed, depending where the unbalance 
is located. 
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Figure 2. Rotor natural frequencies and eigen vectors with a bearing stiffness 
of 108 N/m (Mode 1: 3,601 RPM/Mode 2: 10,655 RPM/Mode 3: 35,753 RPM/ 
Mode 4: 37,353 RPM). 


Figure 3 shows a speed sweep from 0 to 100,000 RPM with a G6 unbalance split 
between the middle, z = 600 mm, and the node at z = 360, which is where the 
highest displacement of the second bending mode is located. The displacement is 
then monitored at these two locations and the four first resonance frequencies 
appear clearly. 


This configuration in terms of natural frequencies demonstrates how the rotor would 
operate in the flexible domain above the first bending mode natural frequency. The 
aim of the active system is to pass the first bending frequency and to mitigate its 
effect on the runout of the rotor. 
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Figure 3. Rotor frequency sweep. 


3.2 Control optimisation 

Knowing the actuation capabilities, it is possible to vary the force at a given speed and 
monitor several parameters to find the optimal bending moment that the actuation 
system should apply to minimise a vibration metric. Among the parameters of 
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interest, the maximum displacement of the rotor is of the utmost importance in appli- 
cations where clearances must be respected. Another interesting parameter to minim- 
ise is the average displacement, as this will influence the unbalance force. Finally, the 
reaction force of the bearings can be computed and brought to the lowest level pos- 
sible, to enable a very small amount of force transmission to the stator. 
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Figure 4. Control force optimisation at resonance (3,600 RPM) - Displacement 
(left) and bearing force (right) minimisation. 


Figure 4 displays the results of the control force sweep between 0 and 220 N, which is 
predicted to be the amplitude available for the control of the prototype system. The 
force sweep is undertaken at a constant speed of 3,600 RPM, which is the first bending 
mode. A clear minimum appears at 157 N, which makes it the optimal control force, 
predictably minimising at the same time the displacements as well as the reaction 
forces at the bearing locations. 


3.3 Controlled unbalance response 

Using the force results of section 3.2, the first objective of the active rotor section will 
be to counter the bend the rotor when it passes through the first bending mode. In 
order to do this, the control forces are applied in the plane of the bending, resulting in 
a perpendicular control moment. 


Figure 5 displays the effectiveness of the control while crossing resonance, as the 
deflection between the extremes of the rotor is reduced from 1,600 um down to 
14 um, reducing the peak deformation by more than 99 %. This is done with 
a 157 N force when the maximal force of the motor is predicted to be around 220 
N, leaving the potential for stronger control and a margin for losses that will inev- 
itably occur between the actuation motor and where the control moment is 
applied. 
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Figure 5. Resonance suppression through bending control (deformed shape 
at 3,600 RPM with G6 unbalance and a motor applying 157 N at 60 mm). 


What is observed is that when subjected to the control action, the shaft will “snap 
through” the neutral position and start bending to the opposite direction if the force 
keeps increasing, giving an optimal force for each rotation speed that will minimise 
the runout as observed in the previous sections. 


Other simulations have focused on softer bearing technologies with lower radial stiff- 
ness coefficients, such as journal bearings or active magnetic bearings. It was found 
that the shaft will straighten into a “w” shape as it cannot react so heavily against the 
bearings to transmit the forces to the stator. Thus, its average displacement will be 
harder to bring close to the rotation axis of the rotor, but it can be considered as exter- 
nally “rigid” due to internal actuation. 


3.4 Reduction of transmitted forces 

Another use of on-board control via bending is to reduce the forces at the bear- 
ing location, hence mitigating the vibrations transmitted to the stator of the 
system. In the same way as for the displacement optimisation, the force can be 
optimised for each speed in order to obtain the best results in terms of vibration 
transmission. 


This is particularly useful when passing through the resonance, as strong vibrations 
will be transmitted when crossing 3,600 RPM, in the case of the rotor used for the 
demonstration. Figure 6 displays the reaction forces at a bearing location, and 
a clear improvement is seen as the shaft is controlled with 157 N. Although the 
resonance peak is not eliminated, its maximal amplitude is reduced by 50% from 
10,000 to 5,000 N. Another noticeable effect is that the increase of amplitude 
around the peak is reduced to a very narrow zone around the peak, reducing the 
effect of the resonance even when getting close to it. 
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Figure 6. Bearing force reduction with bending control when passing through 
resonance. 


4 CONCLUSIONS & FURTHER WORK 


With the aim of designing a novel internal rotor topology for active control of rotor 
vibrations, a finite element model of a prototype rotor has been developed. 
A steady state complex formulation for unbalance response and state space formu- 
lation of the problem were introduced as a cost-efficient simulation strategy, in 
order to assess the efficiency of the novel rotor topology. The proposed rotor 
geometry appears to have a resonant frequency at 3,600 RPM which is within its 
speed range of 0 to 10,000 RPM, associated with an arc shape bending mode when 
supported by bearings. The actuation system applies control via internal bending 
moments. The optimisation of the control force appeared to validate the efficiency 
of the controller by reducing the force transmitted to the stator and the runout of 
the shaft. 


Future work will include the manufacturing of a prototype actuated rotor in order to 
validate the model and the feasibility, as well as implementation of time dependent 
controller for the actuator. 
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ABSTRACT 


Rotor unbalance and misalignment are the most influential faults in rotating machines. 
Nowadays, the high-speed machines are employed with active magnetic bearings 
(AMBs) for rotor supporting and fault identification purposes. In the present paper, the 
dynamic analysis of an unbalanced and misaligned rigid rotor with a disc at the offset 
position supported on AMBs, has been numerically investigated. Non-collinearity 
between the rotating axis of rotor and the axis of supported AMBs is the main cause of 
misalignment fault. The prime intention of the paper is to study the rotor dynamic 
behaviour under the influence of disc eccentricity and AMB misalignment ratios. 


1 INTRODUCTION 


Rotating elements are well Known and very common in modern manufacturing and pro- 
duction industries for various advantageous applications. Usually for the supporting pur- 
pose, the rotor in the rotating machines require bearings. For many years, rolling 
element bearings have been used to support rotors via physical contact, however the 
latest trend is towards utilizing active magnetic bearings which support the rotor without 
any contact due to electromagnetic forces induced in the rotating conductor. Moreover, in 
this bearing support, the rotor does not experience wear or frictional resistance during 
rotation. This overcomes various operating limitations of rolling element bearings. Active 
magnetic bearing force helps to rotate the rotor at high speed. One of the major advan- 
tages of this bearing system is that it is associated with a controller, which allows the 
rotor to operate stably for different system parameters and at multiple higher speeds [1]. 


Generally, the rotating elements may experience several faults, such as unbalance, 
crack, misalignment, bow in rotor, etc. These faults are extremely harmful for the rotor 
system as they may lead to dangerous accidents and low and ineffective production in 
industries. Unbalance is the most common fault which may cause high amplitude of 
vibration in the rotating machines, especially while approaching the critical speed. This 
fault is extremely unsafe and leads to noise, primarily caused due to uneven mass dis- 
tribution around the rotational axis. In mathematical form, it is represented as the 
multiplication of mass of rotor, rotor eccentricity (i.e., the distance between the rotor 
centre of gravity and rotational centre) and square of the rotor spin speed. Thus, this 
fault is hazardous at high spin speeds (near critical speeds) of the rotor and even 
a small unbalance can be of high potential impact at higher speed. For exploring the 
dynamic analysis under unbalance fault and its identification, a brief survey on vibration 
signal-based health monitoring of various rotating machines was presented by the 
researchers [1] and [2]. De Queiroz [3] proposed a creative method using a robust 
vibration control mechanism, for the identification of unbalance fault parameters in 
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a Jeffcott rotor. Markert et al. [4] and Platz et al. [5] as well as Sudhakar and Sekhar [6] 
discussed a model based on least-squares fitting technique, for presenting the dynamic 
vibrational behaviour and identification in an unbalanced simple rotor system supported 
by two conventional bearings. An unbalance identification technique, with 
a combination of modal expansion and optimization algorithm was proposed by Yao 
et al. [7] in a rotor and conventional bearing system associated with one disc. This tech- 
nique was very robust and effective, and had also been validated with experimental 
results. Afterwards, utilizing a joint-input state estimation method, Shrivastava and 
Mohanty [8] conducted both numerical and experimental investigation for the unbal- 
ance identification in a rigid rotor supported by conventional bearing system. 


Misalignment in a rotor system is also a severe fault, which may decrease the efficiency 
of the machine and cause failure due to unnecessary vibration. The cause of misalign- 
ment may be due to the non-collinearity between axes of two coupled shafts or non- 
collinearity between the supported bearing axis and rotating axis of shaft. Dewell and 
Mitchell [9] experimentally validated the developed mathematical expression for the 
moments in misaligned disc-coupling and found that as the misalignment increases, 
the second and fourth harmonics amplitudes in the response spectrum also increases. 
Vibrational behaviour of a misaligned coupled rotor supported on two conventional bear- 
ings and the misalignment fault identification was presented by [10, 11]. Lal and Tiwari 
[12] identified the coupling misalignment fault by developing a model-based identifica- 
tion algorithm in rigid and flexible rotor-conventional bearing-coupling systems. Later, 
AMBs were incorporated into the flexible turbo-generator system by Kuppa and Lal [13] 
and estimated the parameters related to coupling, AMBs and unbalance fault, etc. 


Srinivas et al. [14, 15] described the working principles and components of AMBs, and 
their applications in a flexible rotating machines as well as identified the coupling mis- 
alignment using a steering function in a misaligned rotor-coupling-train system inte- 
grated with an AMB. Further, Tuckmantel and Cavalca [16] presented the dynamic 
nature of a coupled rotor-AMB system under the influence of unbalance and angular 
coupling misalignment faults. Kumar and Tiwari [17, 18] presented the vibrational 
behaviour of two-degrees-of-freedom rigid rotor system mounted on misaligned 
active magnetic bearings and identified the unbalance and residual AMB misalignment 
faults quantitatively. Recently, Zhao et al. [19] developed a fault detection and diag- 
nosis method on the basis of multi-input convolutional neural network (MI-CNN) for 
differentiating the misalignment fault in coupled shaft and crack in the shaft. They 
noticed that the method was effective and robust. 


Several researches have performed rotating system diagnosis as well as fault parameter 
identification in a rotating machine supported on conventional bearings. However, the 
investigation on dynamic analysis in active magnetic bearing-rotor systems associated 
with unbalance and the AMB lateral and angular misalignment faults has not been pre- 
sented till now, which is very crucial. Due to large gap in AMB, the rotor will be allowed to 
operate in the presence of misalignment. But, an extra force will be generated at the loca- 
tions of AMBs due to this misalignment, which will increase the amplitude of vibration and 
noise in the system as well as shorten the life span of the equipment. Moreover, an add- 
itional control current will be further needed to remove or reduce this force using AMB. 
This additional current unnecessarily will consume more electric power. Hence, to avoid 
unnecessary power consumption, the proper alignment is required. It is also worth men- 
tioning that although the industrial manufacturers may have precise manufacturing toler- 
ances on housing for rigid rotors in the initial time, the misalignment can occur due to the 
strain through continuous operations of the equipment, from thermal distortion of the 
supporting frame due to uneven thermal expansion, etc. [20]. Sensor measurement 
errors may also cause the rotor misalignment with the supported active magnetic bear- 
ings. In a fully floated rotor-AMB system, the center position of AMB in the vertical direc- 
tion is located using the change in voltage detected from eddy current proximity sensor, 
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by placing the core at the lower pole of AMB and then at upper pole of AMB. Similarly, the 
change in voltage perceived from sensor, by placing the core at the extreme backside 
pole of AMB and subsequently at the extreme front side pole of AMB, is used to detect the 
center position of AMB in the horizontal direction. However, it is difficult to exactly locate 
the center position of AMB in both the vertical and horizontal directions through the non- 
contact sensor due to measurement error, arising from the defective positioning of dis- 
placement sensors. This inability in finding the exact location of AMB centre will lead to 
misalignment of the axes of AMBs with respect to the absolute reference of operating axis 
of rotor. Similarly, the unbalance may be present in the rotor system during its operation 
due to deposition of any foreign particle, corrosion, and wear, distortion due to stress 
relief, or thermal distortion, in the rotor system. Therefore, it is mandatory to understand 
the dynamic nature of the unbalanced rigid rotor system supported on misaligned active 
magnetic bearings. This paper discusses the development of a mathematical model for 
the dynamic behaviour of an unbalanced and misaligned four degrees-of-freedom rigid 
rotor system levitated by two active magnetic bearings at both the ends of rotor. 


In the present work, a rigid rotor with an unbalanced offset disc mounted on two active 
magnetic bearings has been mathematically modelled. The rigid rotor is assumed to be in 
a combination of parallel and angular misalignments with supported AMBs. Force due to 
the misaligned AMBs in the linearized form have been obtained and observed to contain 
additional constant forces along with the forces assisted with the AMB force-displacement 
and force-current constants. The equations of motion with inclusion of gyroscopic effect, 
unbalance force, inertia force and misaligned AMB force have been derived. Further, the 
equations have been non-dimensionalized with respect to the dimensionless system and 
faults parameters, and solved by exploring a SIMULINK™ model, to generate the dimen- 
sionless rotor displacement and AMB current responses at both AMBs locations. The main 
purpose of the present work is to study the dynamic analysis of the rotor-AMB system for 
multiple ranges of disc eccentricity and AMB lateral and angular misalignment ratios. In 
this work, the rotor has been considered rigid due to some of advantages over the flexible 
rotor in experimentation. In comparison to the rigid rotor system, more number of eddy 
current proximity sensors are required to measure transverse displacement responses at 
different locations of flexible shaft. There is a difficulty in measuring the rotational dis- 
placements of the flexible shaft. Balancing of the flexible rotor is more complex than rigid 
rotor balancing. The flexible rotor continuously changes its elastic configuration as more 
critical speeds are encountered. Since it is recognized that rotor-bending operating 
deflections modify the resulting forces from residual unbalance, flexible rotor need to be 
balanced at high speed. Moreover, at higher speeds of rotor, the aligning of supported 
AMBs may be difficult due to large amplitude of vibration. Thus, it is better to first align 
the system at low speeds (where the rotor is considered rigid) by identifying the residual 
misalignment amount. After aligning, the system can cross its critical speeds with less 
vibration (i.e., for the case of flexible rotor). 


2 ROTOR-AMB SYSTEM CONFIGURATION AND MATHEMATICAL 
MODELLING 


This section explains the assumptions and details involved in modelling the rotor-AMB 
system. For studying and examining the dynamic behaviour, a system comprising of 
a rigid rotor with an offset disc misaligned with both the supported active magnetic 
bearings has been considered, which is illustrated in Figure 1. In the view of industrial 
applications, the disc in the system may be represented as a flywheel, rotary vanes of 
turbines and impellers of pumps, etc. Misalignment of both AMBs in the transverse dir- 
ections are assumed to be different and represented by 6,1 and 0x2 in the x-direction 
and 0,1 and 0,2 in the y-direction. AMBs at the end positions are assumed to be iso- 
tropic with different force-displacement and force-current stiffness parameters. 
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Figure 1. A rigid rotor system with an offset disc supported on two active 
magnetic bearings in x-z plane. 


Owing to the rigid behaviour of rotor, the displacement of rotor centre of gravity can 
be expressed as functions of the displacement of rotor at AMB1 and AMB2 locations, 
and distance of centre of gravity from both AMBs. Figure 2 can be followed to deter- 
mine this displacement, in which the left and right AMBs are shown by A1 and A2, the 
rotor centre of gravity and disc location are symbolized by G and D, respectively. The 
distances a; and a2 are between AMB1 and AMB2 from the rotor centre of gravity and 
lı is the distance between disc and the rigid rotor centre of gravity. The displacement 
of rotor at the centre of gravity location can be written as 


Ux = alley + Biya; Uy = züy, +12; Py = (ux + ux2)/l; Px = (Uy — uy2)/1 (1) 


with 


where u, and u are the x and y directional rigid rotor centre of gravity and the angular 
displacements of rotor in the y-z and x-z planes are represented by y, and yx, respect- 
ively. The rotor vibrational displacements at AMB1 and AMB2 positions in the x and y 
directions are given by (ux, uyı) and (ux, u2). 


Figure 2. Rigid rotor translational and angular displacements at different 
locations in (a) x-z plane (b) y-z plane. 
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2.1 Unbalance force model 
The exciting force due to disc unbalance fault on the rotor system in x and y directions 
are expressed as 


Sunbx = mgew* cos(wt + B); finty = mgew”sin(wt + £) (2) 


where the disc mass, unbalance eccentricity, phase of unbalance and the rotor spin 
speed are symbolized by mg, e, £ and w respectively. 


2.2 Misaligned AMB force model 


Equation (3) presents the force on rotor in x direction due to active magnetic bearings 
when the rotor axis is in alignment with the AMB axis [21], as shown in Figure 3(a). 


ip tix)? (io — ix)? 
pont J _ 4 6) 


(so + Ux) (so = Ux) 


where the constant k, which depends upon the structural parameters of actuator such 
as number of coils turned around poles Na, angle between two consecutive poles a, 
cross sectional area of poles Aa, etc. and vacuum permeability Wo which is equal to 
4nx10°7 H/m, is 


a 


1 
k= qtoN Aa cos 5 (4) 


Actuator Actuator Actuator 


x x 

(a) (c) 

Figure 3. Side view of actuator in x-y plane (a) when it is perfectly aligned 
with the rotor at both AMBs position (b) when it is misaligned with rotor at 


AMB1 position (c) when it is misaligned with rotor at AMB2 position. 


The x-directional rotor displacement and AMB controlling current are represented by 
uy and ix. The bias current and the AMB air gap are symbolized by jg and So, respect- 
ively. Further, simplification of equation (3) based on assumption Ux « So and neglect- 
ing the higher order terms, i.e.u2, 2, ui, and u,i, the linearized form for equation (3) 
can be expressed as 
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Je = Katty + kiix (5) 


where the force-displacement and force-current stiffness constants of AMB are 
denoted by ka and k;, which is written as 


2 

_ Akio. 

=; 
So 


Akio 
==> (6) 


So 


ka ki 


Similarly, in the perfectly aligned case, the force on rotor due to AMBs in y-direction 
can be expressed as 


h — Kquty F kiiy (7) 


where uy and i, are the y-directional rotor vibrational displacement and AMB control- 
ling current, respectively. However, in an actual rotor system, it is very difficult to find 
a perfectly aligned rotor axis with supported AMB axes. The misalignment between 
them may occur due to mechanical machining and rotor system assembling errors 
[22] as well as sensor measurement error while locating the centre of AMB as dis- 
cussed in Section 1. Figures 3(b) and 3(c) depict the side view of actuators of AMB1 
and AMB2 that is misaligned with the rotor by 0,1 and 0x2 in the x-direction and dy1 
and 0,2 in the y-direction. This non-coincidence of the axes may affect the perform- 
ance of AMB for uneven air gap distribution. Therefore, the air gap between the rotor 
and an AMB is altered between the upper and lower poles. For the case of AMB1 mis- 
alignment in the x-direction, the modified lower and upper air gaps are (So-0x1) and 
(So+0 x1), respectively. Thus, the misaligned AMB1 force on rotor due to this uneven 
air gap in the x-direction can be written as 


fu = Ct (io = in) z} (8) 


So — Ôxı + uxi y (so + dx1 — Ut 


The assumption of (Ux1 « So-Ox1) and (Ux1 K So+0 x1), and negligence of higher order 
terms give the linearized form of the force fmx1 as 


Jma = Kmail + kmis + fi (9) 


with 


= 
ka ka| 1 +ô ð 4k =- ox 
kmal ! 3 Kmit ( fa ! 5 fal = 8581 = L (10) 


E ay (ay as 


Similarly, the misaligned AMB1 force in the y-direction can be expressed as 


Tiny = Karur + kmizixı +h (11) 


with 


4k - ô 
siJa ==; & = 


= (i a ME ( = = (-#) s So 


(12) 
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Following this concept, the x- and y-directional misaligned AMB2 forces on the rotor 
can be written as 


Srax2 = Kmastya + kmisixa + f (13) 
Tiny2 = kmaştix2 + kmisix2 +f (14) 
with 
k kaz ka ka(l +8) ka (1 + 84) 
‘ma3 Z322) Kma4 Z2) Kmi3 Z2 > Kmi4 RA 
(ay aay 8) (1-3) a 
é ò 4k i 4k - do = ô 
B La a zya 20. 2, Ga = 
(1 — 03) (1 — 84) 5o a 0 me 


The x- and y-directional current output of PID controller [23] at AMB1 and AMB2 loca- 
tions can be given as 


ix] = (tous k | uaa t koi ); iy = (is t bs [unat t koina ) (16) 


Le = — (teua An ky | ust + koia ); i2 (Hs t ky | wade t koina) (17) 


where kp Kp and k; are the PID controller proportional, derivative and integral gains, 
respectively. 


2.3 Non-dimensional equations of motion of rotor-AMB system 


On the basis of the moment equilibrium method, considering the moment due to iner- 
tia force, misaligned AMB force, unbalance force and the gyroscopic effect in the 
x-z and y-z planes about AMB1 and AMB2 locations, the dynamic equations of motion 
of the rigid rotor-AMB system have been derived. The equations of motion of the rotor 
system can be expressed as 


e los In. F? ~ 
mü; F TP H 7 PxO Sunbx (2 4) Jms 0 and 


. 2 I. L. X a l i 
muy f H 7 ee OO fan (© | Jm 0 (18) 


m Ty: prs 1 
müx} HF Py — F Pro Suns (4 1) fm = 0 and 


E” la.. Tes A a l 
müy 7 46. 4 7 Py fon (4 | +) Sny2 = 0 (19) 


l l 


where m is the rotor (shaft and disc) mass, Ig and I, are the diametral mass 
moment of inertia of the rigid rotor system and the disc polar mass moment of 
inertia, respectively. After substituting equation (1) into the equations (18) and 
(19), and further writing all the equations in non-dimensional form in terms of 
several dimensionless rotor-AMB system and faults parameters, we get the com- 
pact matrix form as 
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Mq—Gq=finp + fname (20) 


where the dimensionless mass and gyroscopic matrices are 


(maz + ia) 0 (maa — ia) 0 p 0 -i 
Me i (maz + ia) 0 (may — ia) a ip 0 i 0 
(maa — ia) oo (mat + ia) 0. 7 0 -i 0 b 
0 (māia — ia) 0 (may + ia) -i 0 i 0 
(21) 


ka Z o r ae 
: = MSo@ngf” 5 Laso@ng” 5 LpSo@ng” A 
With m We iid we- iip We = 


The dimensionless vibrational displacement vector is 

= i A A 2 T 

G={t%a H te thy} (22) 
The dimensionless unbalance force vector is 


funo = mage{ cos(t + B)(@ —h) sin(t + B)(@2 — h) cos(t+ f)(i +h) sin(c + £)(a +h) to (23) 


x 3 
F Fi ran O St. a E a sa ee OF 
With mg Tie = it = OO = 


The non-dimensional misaligned AMBs force vector is 


tam = {fma Ima Jno tot (24) 


With Jai = Sai =P Smo =P Jma = 
On putting equations (9), (11), (13) and (14) into equation (24), we get 
frame = K maq ob Kyi +f, (25) 


where the dimensionless current output vector of PID controller is 


i= - {ina + hi [ade + oa} (26) 
with 
P ae a Se, Roget 
i={in in io i2} (27) 
kma 0 0 0 kmi 0 0 0 fi 
z | 9 km 0 0e |0 km 0 Of] ff _Jf 
Km =| 9 0 Ens 0 Ka= 0) Raa 0 aes fs 
0 0 0 kma4 0 0 0 kmi4 fa 


The non-dimensional misaligned AMB parameters and force constants in x and y 
directions for both AMBs are 
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z kmaiso, z — _ Kma28o, z  _ Kma3S0, z _ kmasSo z _ kmībo z 


kmal = WwW” ma2 W’ ma3 wW’ ma4 WwW” kmi wW’ Kir 
kni i 7 kmi i 
2o ; kmi3 o ; (28) 
z kmisio > fi z fh 3p fp f gz _ kpo z _ kso z kms 
kni ; ; ; ; k “ia k A 
mi4 wW’ fi wW’ h W ts wW’ fa wW P io I io D ip 


On substituting equations (10), (12) and (15), we can write the dimensionless con- 
stants associated with both misaligned AMBs as 


i kaso >; kaso >; kaso >; kaso = _ On, 
mal w(i B x) mad w(i = RB) ‘ma3 w(i _ 2 ma4 w(i = BR) 1 so > 
- knio(1 +8) - kaio(1 +63) - knio(l +8) - kni +03) - ô 
na =" a AE ual ig = zio( OF a zil ui ee (29) 
w(1 =) w(i -%) w(i -3) W(l-&y 
= AT Z 10 = nað 28 = bp i 
fi fa ah fa Sails L ifa Jen tið = 434 == 
W(1— 8) W(1— ô) W(1 — 63) W(1 — 63) So so 


Following equation (20), it can be stated that the equations of motion of the 
four degrees-of-freedom (DOFs) rigid rotor system are in non-dimensional form, 
which contain several dimensionless rotor and AMB parameters (i.e., m ma, ia, ip, 
Kma, kmi and f) and dimensionless unbalance (e) as well as misalignment (61, 62, 
ô, 64) fault parameters. The next section describes the dynamic effect on dimen- 
sionless displacement and current responses (obtained from solution equation 
(20)) in the presence of disc unbalance eccentricity and AMB misalignment fault 
parameters. 


3 NUMERICAL RESULTS AND DISCUSSION 


Constant force vector 


Dimensionless_current 


Clock 


Gain7 Unbalance Force To Workspace 


Dimensionless_displacement 


Gain1 To Workspace 


Figure 4. Simulink model of the problem. 
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Using the SIMULINK™ model is displayed in Figure 4, equation (20) has been 
solved to generate dimensionless displacement and controlling current responses 
of the rotor-AMB system at both AMBs positions, in the x- and y- directions. 


Table 1. Dimensionless rotor-AMB parameters for numerical 
investigation. 


Assumed Assumed 
Parameters Parameters 
Values Values 
Dimensionless AMB1 

11.6933 force-displacement stiff- 


ness, kai 


Nondimensiona rotor 
mass, in 


Dimensionless AMB2 
force-displacement stiff- 
ness, kao 


Nondimensional disc 
mass, ig 


Disc eccentricity phase, Dimensionless AMB1 
B (deg) force- current stiffness, ki 


Dimensionless diam- 
etral moment of inertia 
of the rotor, iy 


Dimensionless AMB2 3 
force- current stiffness, k 


Dimensionless polar Dimensionless distance of 
moment of inertia of the AMB1 from rotor centre of 
disc, i, gravity, a 


Dimensionless distance of 
AMB2 from rotor centre of 
gravity, a 


Dimensionless propor- 
tional gain, kp 


Dimensionless distance of 
disc from rotor centre of 
gravity, /, 


Dimensionless deriva- 
tive gain, kp 


Dimensionless integral Dimensionless rotor spin 
gain, kr Speed, @ 


Figure 4 reveals the presence of multiple blocks, which execute different functions. 
The time taken in the simulation is performed by the clock block. For the multiplication 
of constant or variable numbers and matrices, the triangular gain block has been 
used. The add block executes the addition of vectors associated with the unbalance 
force and forces due to gyroscopic couple effect and misaligned AMB force. The con- 
trolling current output of the system has been obtained utilizing the PID block, which 
takes rotor displacement as input. This block contains the matrix terms of propor- 
tional, derivative and integral factors of PID controller. Finally, the workspace block 
saves the dimensionless displacement and current signal data for plotting several fre- 
quency responses, at different values of disc eccentricity and misalignment ratios. 
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The numerical simulation for the unbalanced and misaligned rigid rotor-active 
magnetic bearing system was undertaken for 5 s with the help of dimensionless 
parameters given in Table 1. The dimensionless displacement and current 
responses at both AMB positions have been obtained using a fourth-order Runge- 
Kutta differential solver with 0.0001 s fixed time step size. The chosen dimension- 
less rotor speed for the numerical investigation purpose is 0.5866, which is lower 
than the first critical speed (0.8896) of the rotor-AMB system. This is essentially 
required for exhibiting rigid rotor behaviour during operation. Tables 2 and 3 dis- 
play the assumed values of the disc eccentricity ratio (e) and misalignment ratios 
(61,62,63 and 64) in the x- and y-directions of both AMBs. The simulation has been 
run individually for different values of fault parameters to generate the non- 
dimensional responses with respect to frequency ratio (@), which is shown in 
Figure 5. Figures 5(a) and (b) represent the frequency response of dimensionless 
rotor displacement at the locations of AMB1 and AMB2, respectively. The fre- 
quency response of dimensionless controlling current at AMB1 and AMB2 positions 
are presented in Figure 5(c) and (d). The maximum values of frequency responses 
captured from Figure 5, for every assumed fault parameters at both AMBs is also 
presented in Table 2 and 3. Values of disc eccentricities and misalignment ratios 
expressed in these Tables are in the ascending order. On the basis of this, it would 
be noticeable that the percentage change in the responses for the individual 
values are also in the ascending order. The rise in percentage of the peak values 
of displacement at AMB1 from Table 2 are 22.24%, 45.90%, 71.56%, 100% and 
132.22%, respectively, relative to the captured maximum displacement value of 
0.2194 for (é=0.125) and misalignment ratios (6;=0.25,6.=0.30,6;=0.275 and 
64=0.2625). Similarly, with respect to the displacement value of 0.0561 at initial 
assumed values of fault parameters, the percentage increase in frequency 
response of dimensionless displacement at AMB2 are 18.18%, 39.04%, 64.17%, 
95.36% and 134.76%, respectively. 


Using Table 3, the rise in maximum magnitude in the percentage form have also 
been calculated for the frequency response of dimensionless controlling current at 
AMB1 and AMB2, respectively. Relative to the initial peak values of current, i.e. 
0.2670 and 0.0683 at AMB1 and AMB2 locations, the percentage change in peak 
values are also found to be in the increasing order. The increase in percentages 
are 22.28%, 45.95%, 71.61%, 100.07% and 132.28% at AMB1 and 18.15%, 
38.94%, 64.13%, 95.46% and 134.70% at the position of AMB2. Some of the 
major observations can be made from these results are that there is a rapid rise 
in the peak values of frequency response of non-dimensional displacement and 
current with the slight increment in the dimensionless fault parameters values. It 
can also be noticed the percentage increase in the displacement and current peak 
values at AMB1 are in the same order. In the similar way, at AMB2 position, the 
rise in maximum values of dimensionless displacement and current are almost 
equal. It is obvious because the current output of the PID controller directly 
depends upon the input rotor displacement at both AMBs, following equation (26). 
Moreover, from Figure 5 (a-d), it is observable that the size of curves of frequency 
response increases with increase in the dimensionless values of system fault 
parameters of disc eccentricity and misalignment ratios. 
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Figure 5. Dimensionless response with frequency ratio (a) Rotor displace- 
ment at AMB1 (b) Rotor displacement at AMB2 (c) Controlling current at 
AMB1 (d) Controlling current at AMB2. 


Further, the analysis on the dynamic nature of rotor-AMB system under the effects 
of different ranges of fault parameters have also been explored, for combinations 
of each value of disc eccentricity ratios and every misalignment ratio. The 
obtained peak values of frequency response of non-dimensional displacement and 
current at AMB1 and AMB2 versus the disc eccentricity ratios are shown in Figure 
6 (a-d). The values of maximum displacement and current at AMB1 position for 
the combination of every fault parameters are found to be in the range of 0.2194 
to 0.5095 and 0.2670 to 0.6203, respectively. Similarly, the peak values of dimen- 
sionless displacement and current at AMB2, respectively, are within the range of 
0.0561 to 0.1317 and 0.0683 to 0.1603. The main conclusion can also be drawn 
from Figure 6 that the magnitude of frequency response of dimensionless rotor 
displacement and controlling current at both AMBs locations rise rapidly with the 
increasing order of all value combination of assumed set of dimensionless param- 
eters associated with unbalance and AMB misalignment faults. Moreover, the 
numerical simulation has also been performed to investigate the influence of AMB 
misalignment on the considered rotor system. 


Figure 7 Displays the frequency response of dimensionless displacement and current at 
AMB1 location for without and with AMB misalignment. Unbalance fault due to disc is 
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present in both the study cases. To explore the misalignment effect at the peak part of 
frequency response plots, the related portion has been magnified in Figure 7 (a) and 
(b). This figure has been plotted for disc eccentricity ratio (e) of 0.25 and AMB misalign- 
ment ratios of (6,=0.375, 5)=0.425, ô&=0.400 and 6,=0.3875). The peak values of 
dimensionless displacement as a function of frequency ratio, without and with misalign- 
ment are found to be 0.3916 and 0.5095, respectively. 


In the same line, the current peaks values are 0.4767 and 0.6203, respectively, for 
unbalance fault only and integrated unbalance and AMB misalignment faults. Misalign- 
ment of both AMBs in the rotor system causes enhancement of the displacement and 
current maximum values by 30.11% and 30.12%, respectively, as compared to the 
case of perfect alignment of rotor and supported AMBs axes. These increments in 
response magnitudes represent the severity of misalignment fault. 
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Figure 6. Peak values of dimensionless frequency response versus eccentri- 
city ratio for each misalignment ratio (a) Rotor displacement at AMB1 (b) 
Rotor displacement at AMB2 (c) Controlling current at AMB1 (d) Controlling 
current at AMB2. 
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Figure 7. Influence of AMB misalignment on the rotor system (a) Frequency 
response of dimensionless displacement at AMB1 (b) Frequency response of 
dimensionless controlling current at AMB1. 


4 CONCLUSIONS 


This paper concludes with development of mathematical model of the four-degrees-of 
freedom rigid rotor system levitated by two misaligned active magnetic bearings at the 
end positions. An unbalanced disc is present at the offset position of the rigid shaft, 
which causes gyroscopic coupling at higher spin speeds. Forces due to misaligned AMBs 
has been obtained from linearization concept and found to consist an extra constant 
force term along with the terms related to force-displacement and force-current stiff- 
nesses of AMBs. Dimensionless equations of motion of the unbalanced and misaligned 
rotor system have been derived as function of multiple non-dimensional system and 
faults parameters. These equations have been solved by developing SIMULINK™ 
model, which generates the dimensionless displacement and controlling current at 
AMBs positions. The study based on numerical simulation has been explored to investi- 
gate the dynamic nature of the rotor system under the combination of different ranges 
of disc eccentricity and misalignment ratios. Furthermore, the AMB misalignment effect 
on the rotor performance has also been studied from the frequency response plots. 
From the numerical investigation, it is concluded the peak values of frequency response 
of non-dimensional displacement and current rapidly increases with the slight increment 
in the dimensionless fault parameters values. Misalignment of both AMBs also causes an 
increase in the magnitude of the frequency responses of the rotor system. Experimental 
validation on the numerically obtained results of the considered rigid rotor-AMB system 
is quite interesting to work for the future (as rotor-AMB test rig set up is in progress). 
This test set up includes various mechanical and electrical components such a shaft, one 
disc, two number of eight pole actuators, two rolling element bearings (work as touch- 
down bearings), one motor, one variable frequency drive (VFD), one coupling, sensor 
stands, base plate, dSPACE controller, eddy current proximity sensors, eight number of 
amplifiers (four for each AMB for levitation purpose), etc. 
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ABSTRACT 


Operational Modal Analysis when applied to rotating machinery has issues that must 
be considered in order to have a satisfactory result. The focus of the paper is to iden- 
tify modal parameters of a rotor with rolling bearings in an operational condition and 
compare it with a numerical model. In the experimental rotor, it is shown that only the 
operating condition without external excitation is not sufficient for OMA application 
and by applying simple techniques, without the need for input measurement and con- 
trol, using both time and frequency domain, a comparison between experimental data 
and theoretical model showed good compliance for the identification of natural fre- 
quencies and damping factors. 


1 INTRODUCTION 


Investigating the modal properties of structures has become a common approach for 
numerical models’ parameters updating, structural damage identification, or by 
means of structural health monitoring systems, for instance. Therefore, the demand 
for this type of information has stimulated a fast expansion of modal analysis proced- 
ures and created the necessity for methods capable of giving a fast and cost-effective 
analysis of modal parameters. Initially, modal parameters used to be identified using 
Experimental Modal Analysis (EMA). Although there are several experimental setups 
and excitation forms, EMA tests are usually carried out under impact hammer and/or 
shaker excitation and modal parameters are. extracted from methods of curve fitting 
of resonance peaks from frequency response functions (FRF). 


The major drawback of these procedures is that all input forces need to be meas- 
ured, which makes it difficult to analyse large structures and systems under oper- 
ating conditions. To overcome the limitations of traditional EMA, a new 
methodology to analyse and extract modal parameters of structures under operat- 
ing conditions has been proposed since the late 1990s and is commonly referred 
to as operational modal analysis (OMA). In OMA, systems inputs are not neces- 
sarily controlled and measured, but instead, they are represented by the assump- 
tions of stochastic loads distributed over a broad frequency band, i.e. ideally 
excited by white noise, to identify natural frequencies, damping ratios and mode 
shapes of structures under operational conditions. 


This approach was initially applied to large civil structures, with several studies 
conducted on bridges, dams, buildings, etc. due to difficulties over the input gen- 
eration equipment necessary and the natural excitation sources often present in 
real cases, such as wind, traffic, and waves. With successful studies case (1-3), 
the method naturally expanded to new areas, with outstanding development in 
the testing of offshore wind generator structures (4). Nowadays, vibration ana- 
lysis has become one of the primary tools in the condition monitoring of rotating 
machinery (5). One of the main limitations of OMA when applied to this type of 
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system is the addition of harmonic components to the stochastic realization of the 
inputs. In this way, these forces can bias the modal identification or even be mis- 
identified as a system pole, limiting its direct application in practical cases. It is 
necessary, therefore, to study the influence of these components on common 
OMA algorithms and to propose ways to overcome its limitation to correctly iden- 
tify and remove, if necessary, these deterministic forces in operation conditions of 
rotating machinery. 


The methods for modal identification of structures under operational loads are 
usually divided into two main groups based on the domain in which the analysis is 
performed (6). OMA, like the traditional EMA, has a large amount of time domain 
techniques. Among these techniques, there are basically three categories that 
stand out: methods based on the Natural Excitation Technique (NExT) (7), on 
Auto-Regressive Moving Average (ARMA) (8) models or problems of stochastic 
subspace identification (SSI) (9). When dealing with frequency domain, the 
methods are usually based on the analysis of power spectral matrix of response, 
obtained from measured data, and can be grouped into two types: those directly 
based on the response spectrum, non-parametric (10), as the vastly applied Fre- 
quency Domain Decomposition (FDD) (11), or parametric methods, based on opti- 
mization, as it is the case of the Enhanced Frequency Domain Decomposition 
(EFDD), Maximum Likelihood (12) and polynomial and transmissibility functions 
(13), for example. 


In this context, the main objective in this paper is to investigate two commonly applied 
OMA techniques, EFDD and SSI, to extract modal parameters of a rotor supported by 
cylindrical roller bearings, and compare the results with a numerical finite element 
model to analyse the accuracy of the extracted natural frequencies and damping 
ratios. Besides, ways of identifying harmonics are introduced to make sure that the 
extracted modes are in fact related to the rotor and not influenced by these 
components. 


2 OPERATIONAL MODAL ANALYSIS 


The focus of this section is to give a brief overview of two recurrent methods for modal 
analysis: EFDD and SSI, to provide a basis for understanding the results that will be 
analyzed for the rotor in the following sections. 


2.1 Enhanced Frequency Domain Decomposition (EFDD) 

The EFDD technique was first introduced by Brincker et al. (14) and it is based on the 
Singular Value Decomposition of the spectral matrix. As an extension of the basic fre- 
quency-domain method, commonly known as Peak-Picking (10), the technique is 
based on the input and output power spectral densities (PSD) relationship: 


Gy (jo) = Ho) Gx (jo) H(i)" (1) 


where G,,(j@) matrix is the output PSD rar, with r outputs; H(jw) is the frequency 
response function (FRF) matrix nxn, n the number of modes, and G,,(j@) is the input 
PSD matrix mxm, being m the number of inputs. The overbar and 7 superscript denote 
complex conjugate and transpose, respectively. The input is assumed to be a white 
gaussian noise. Therefore, it is possible to rewrite the expression above, decomposing 
the output power spectral density only as a function of modal parameters. When the 
system is lightly damped, and the spectrum is analyzed in a region adjacent to 
a resonance peak, the contribution of m modes at a given frequency tends to be limited 
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and considerably less than the total number of n modes, and the output spectra is 
recomposed just in terms of modal parameters as seen in the following expression: 


cn) = (dl deN 6 


@—Sub(@n) jo —4 


being 4 the poles, ¢; the matrix containing the mode shapes and d a constant value. 
Reference (6) presents the procedure in more detail. In the Frequency Domain 
Decomposition, a prior step to the EFDD, the output PSD is estimated at discrete fre- 
quencies w; in a pre-stablished frequency range and, then, decomposed by taking the 
Singular Value Decomposition of Eq. (2): 


Gy, (joi) = UST; (3) 


In this way, an SVD of the output spectra can be interpreted as a representation of the 
dominant modes in a given resonance peak. Therefore, the first singular value S; 
reaches a maximum at øw; = œ, and the corresponding singular vector is an estimate of 
the correlated mode shape. In this case, modal frequencies and mode shapes are 
obtained directly by the analysis of the SVD plot and damping ratios could not be 
extracted, at this point. To overcome this limitation, an evolution of the methodology 
was proposed and denominated the Enhanced Frequency Domain Decomposition: 
data from the discrete frequencies are selected in the neighborhood of resonant peak 
based on a Modal Assurance Criterion threshold (11) and, by an inverse Fourier Trans- 
form, are converted back to time domain resulting in an auto-correlation function, 
that represents only a single mode related to the resonant peak. Finally, damping can 
be obtained from this final function and all modal parameters are then estimated. 


2.2 Stochastic Subspace Identification (SSI) 

It is common to model mechanical systems using a second-order differential equation 
as a function of the coordinates associated to their degrees of freedom, q(t), usually 
expressed in the matrix form as: 


[M] 9(t) + [Ca] 4) + [Kla = (4,0) (4) 


For a system with n degrees of freedom, [M] nuns [Calan [Klan are, respectively, the gen- 
eral mass, damping and stiffness matrices, f(g, t)„ı are the excitation forces. For appli- 
cation in identification problems, that is, obtaining system matrices from measured 
data, it is necessary to propose a different approach to deal with the available informa- 
tion. Likewise, it is necessary to deal with the stochastic nature of the input forces. For 
this reason, stochastic subspace identification algorithms have become widely used 
for application in OMA (15), with initial studies as in (16), pointing out the potentials of 
the techniques presented in De Moor and Van Overschee (9) for output-only modal 
identification. The approach consists of organizing the data in a state-space formula- 
tion combined with an observation equation, resulting in Eq. (5). 


xk+1 = [A]xk + we (5) 
yk = [C]xk + vk 


where y, is the measurements vector of length /, x, the state vector of length n, w 
a vector for process and modeling inaccuracies with length n and v vector for the 
measurement noise due to sensor inaccuracy with length /. Matrix [4],,,,, describes the 
system dynamics and it is known as dynamical system matrix. [C],,, is the output 
matrix, describing how the internal state is transferred to the outside world in the 
measurements y+. Both vectors w and v are assumed to be stationary and zero mean 
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random process. Assuming the pair [4] and [C] observable, and [4] to be also control- 
lable, the system from Eq. (5) becomes the so-called realization problem and the 
objective is to extract the physical information from [A] knowing only the time- 
histories response. 


The first step in the algorithm is to gather the measurements in a block Hankel matrix 
(9), divided into a past reference [Y,| y future [¥/] fato on a time delay for the 
time-history. This past and future sections are determinęd to enable the projection of 
the row space of the future into the row space of the past,‘defining a subspace identifi- 
cation capable of retaining all the information in the past that can be useful to the 
future (17). The projections can be carried out in terms of covariances, the SS covari- 
ance driven, or directly into the time-series, the SSI data-driven, which will be further 
used in the results section. The projection, done in the data-driven approach by a QR- 
factorization, defines the observability [0;] matrix as: 


o- yy(yr) r, (6) 


where t denotes the Moore-Penrose pseudo-inverse. Together with weighting matrices 
W, and m, the next step is to perform an SVD of the matrix defined above in Eq.(6). 
This operation is capable of extracting the extended observability matrix T;, as 
follows: 


To complete the problem, it is necessary to combine T; with a Kalman 
State sequence, and the problem for identification system matrix is considered 
complete, since T; contains the information necessary for estimating [A] (see (9) 
for further details). It is possible to demonstrate that the Kalman Filter can be 
directly inserted into the formulation of the stochastic problem, Eq. (5), a so- 
called forward innovation model. [4] is obtained in a least square sense and the 
modal parameters are, consequently, extracted (as seen in (18)). Given that 
the exact state-space dimension is unknown, it is typical to analyze the 
poles extracted from [4] matrix in a stabilization diagram, with stabilization cri- 
teria previously established to differentiate physical to numerical and noise 
modes. 


3 TEST RIG 


To investigate the OMA techniques (EFDD and SSI), the experimental tests were 
evaluated in a rotor system supported by two radial roller bearings located at LAMAR 
(Laboratory of Rotating Machinery) at the University of Campinas. 


In addition to the two roller bearings (model NJ 202 by NSK®), the rotor consists of 
a steel shaft with a 15 mm diameter, a magnetic actuator, and a disc. The disc diam- 
eter is 94.7 mm and its length, 47.8 mm. The rotor is connected to a 3 CV WEG electric 
motor by a flexible coupling. Figure 1 shows the experimental test rig with its main 
components. 


The speed control of the electric motor is done by a frequency inverter WEG-CFW-08 
remotely connected with a computer. The lubrication of the roller bearings uses 
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a mineral oil, controlled by a pumping system with a filter. The lubrication oil is the 
Castrol ASW 32 (ISO VG 32). 


The test rig allows the acquisition of several types of signals. In this study, four Bruel & 
Kjaer type 4384 accelerometers were used (two for each roller bearing). After passing 
through conditioners, the signals are filtered in two steps. The first filter removes the 
static gain, and the second one is a low-pass with anti-aliasing filter. The signals are 
acquired by the National Instruments USB-6343 board and the data are processed in 
LabVIEW™. The rotor passed through alignment and balancing processes, the last one 
using the coefficient of influence method. 


| 


Etetrie we 


motor 


Flexible 
coupling `} 


actuator 


Figure 1. Experimental rotor test bench with its components. 


4 NUMERICAL MODEL 


In order to compare the results of EFDD and SSI, the rotor system model uses the 
finite element method (FEM): 


[MI {a} + (C)+ 2[G]) {4} + Kla} = 1) (8) 


where [M], [K] and [C] are respectively the mass, stiffness and damping matrices. 
Matrix [G] is the gyroscopic matrix, {q} is the generalized coordinates vector and {f} is 
the vector of external force. 


The FE model is shown in Figure 2. The rotor is divided into eleven Timoshenko beam 
elements. All disc and beam elements characteristics are in Table 1 and Table 2. The 
cylindrical roller bearings NJ 202 are at nodes 2 and 10. At nodes 3 and 11, there are 
pairs of proximity sensors. The disc is at node 8 and the magnetic actuator is posi- 
tioned at node 5. 
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Figure 2. Rotor model by finite element method. Cylindrical roller bearings 
are located at nodes 2 and 10. 


Table 1. Disc elements of the rotor system (FEM). 


Number of Inner diameter Outer diameter Length of element 
nodes [mm] [mm] [mm] 

5 17 40.5 81 

8 15 94.7 47.8 


Table 2. Beam elements of the rotor system (FEM). 


Number of Inner diameter Outer diameter Length of element 
elements [mm] [mm] [mm] 
1 0 15 118 

2 0 15 21.55 
3 0 15 229.45 
4,5 0 17 40.5 

6 0 15 83.8 
7,8 0 15 23.9 

9 0 15 64 

10 0 15 21.55 
11 (0) 15 52.25 
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To compare the experimental data with the numerical model, the equivalent stiff- 
ness and damping coefficients of the cylindrical roller bearing were inserted in as 
direct coefficients in finite elements matrices [K] and [C] using the bearing model- 
ing proposed in (19,20). The cross stiffness and damping coefficients were con- 
sidered null. Besides, when comparing experimental and numerical results, the 
coefficient of shaft proportional damping is 6=710-°. The damping values were 
determined through tests and FRF adjustments of the rotor under a white noise 
excitation, as demonstrated in (21). The Young’s modulus of steel shaft is 
E=2.110!'Pa and its density is p = 7860 kg/m. 


5 RESULTS 


The data obtained through both the identification methodologies, namely, in fre- 
quency and time domain, were compared to analyze the accuracy of the modal param- 
eters between OMA and finite element model of the test rig. The methodology adopted 
for OMA was chosen in order to present a balance between precision, speed, and sim- 
plicity, since these are fundamental characteristics for dynamic tests of real machines. 


Table 3 presents the modal parameters extracted from the numerical model. The 
simulations considered a constant angular velocity of 30 Hz for the shaft. The evalu- 
ation of modes 2 and 3, which could have been carried out using a Campbell Diagram, 
for example, presents natural frequencies that have no practical interest in the ana- 
lysis if compared to mode 1, which has a lower natural frequency. Therefore, modes 2 
and 3 are beyond the interest of the experimental investigation that will be further 
conducted by OMA. 


The next step is the OMA analysis, an output-only technique, requiring only the inves- 
tigation of the system response, usually done under operation conditions. For this 
reason, it is pertinent to apply the OMA tests to the rotor operating without any type of 
external excitation. In this condition, there are only possible residual unbalances and 


Table 3. Modal parameters obtained from rotor FEM. 


Numerical Model Natural Damping 
Frequency Ratio 
Shaft Angular Vel- Mode ó 
Mode ocity [Hz] Direction [Hz] [%] 
Backward 50.91 1.13 
1 30 
Forward 52.26 1.13 
Backward 191.27 4.19 
2 30 
Forward 191.60 4.19 
Backward 388.42 8.85 
3 30 
Forward 390.68 8.85 
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misalignments inherent in test rig assembly. The acquisition time considered was 
based on assumptions found in Brincker and Ventura (6) leading to 60s of measure- 
ments, in a 1024 Hz sampling rate. For a preliminary step, Kurtosis and an STFT, of the 
acquired signal, Figure 3, are evaluated to gather useful information to guide the fur- 
ther identification process using both EFDD and SSI. 


As previously studied by Jacobsen (22), these indicators have the potential to 
evaluate the rotating system to provide clear ideas on the identification of har- 
monics, in order to help the extraction of the modal parameters. In this case, 
however, due mainly to the lack of external excitation, they did not present 
a satisfactory result. Kurtosis should be responsible for quantifying the location of 
harmonics in the spectrum based on the differentiation of probability density func- 
tion, while STFT has the ability, in addition to evaluating stationarity, to also help 
in the identification of harmonics (which appear as thin vertical lines in the fre- 
quency domain) and in the possible location of energy concentration due to the 
rotor’s modes (thick vertical lines). However, even though it is possible to clearly 
distinguish the first, second and third harmonics proportional to the shaft speed, 
there are many other components evidenced, making it difficult to have a clear 
judgment about the signal content over frequency. Meanwhile, it is necessary to 
evaluate the OMA algorithms previously described to analyse the capability of 
both the frequency and time domain techniques to identify the modal parameters 
of the rotor in this condition. Henceforth, Figure 4 (a) shows the SVD decompos- 
ition of the spectra for the rotor without external excitation, using a resolution of 
0.25 Hz and Welch’s method with 66% of overlap, and Figure 4 (b) the SSI stabil- 
ization diagram. 
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Figure 3 . Kurtosis (a) and STFT (b) for the rotor operating in 30 Hz. 
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Figure 4. SVD plots (a) and SSI stabilization diagram (b) for OMA 
identification. 


Analyzing both the spectrum and the stabilization diagram, it is not possible to 
distinguish possible modes. This behavior is mainly due to the low stochastic exci- 
tation present, since the rotor in the test rig does not have sufficient external 
forces energy that meets the necessary criteria for application of the identification 
methods used here, as previously indicated by Figure 3. In such cases, some 
techniques can be adopted to enable better identification of modal parameters. In 
texts such as Orlowitz and Brandt (23) and Brincker and Ventura (6), procedures 
called tapping, i.e. small impacts randomly distributed in time and space into the 
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system, are often proposed as a way to insert stochastic excitations. Although 
previously investigated, this approach has not met yet a thorough study for rotat- 
ing machinery. Thus, in a situation without ideal conditions to proceed with the 
extraction of modal parameters, these simple techniques still need to be explored 
in order to improve the operational modal analysis in this type of machinery, with- 
out implying the use of controlled inputs or any other form of more sophisticated 
mechanism. 


Therefore, evaluating the technique into the rotor, it is necessary to check again if 
the indicators present any improvement, before proceeding to analyse the modal 
parameters. The new Kurtosis and STFT for the rotor, under the same operational 
conditions as tested before, but adding the tapping procedure, can be analysed in 
Figure 5. 
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Figure 5. Kurtosis (a) and STFT (b) for tapping procedure. 


In this second analysis, the added procedure allowed a considerable improvement in 
the indicators. Consequently, it is possible from Kurtosis values to clearly identify the 
harmonics related to the rotor. Besides, the STFT clearly shows that the tapping inserts 
energy mainly in the frequency range of the natural frequencies, becoming a highlight 
for the identification of the modal parameters. This relevant prior information about 
the operation of the rotor given by the indicators is useful to proceed with the OMA 
identification algorithms. 


Differently from what was noted earlier, now through the SVD of the PSDs, it is possible 
to select a segment for use in the inverse Fourier transform, isolating the modal informa- 
tion related to the first mode, as expected in the EFDD procedure (Figure 6 (a)). There- 
fore, the desired parameters can be extracted through the frequency domain. For the 
identification in time domain (Figure 6 (b)), considering stabilization intervals equally 
established for the previous case, there was again a better identification of the modal 
characteristics of the first mode. Table 4 shows the values extracted from the two 
methods. 


Comparing both Table 3 and Table 4, the results obtained from the OMA 
procedure showed good agreement with the modal parameters extracted from 
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the numerical model, even when dealing with values of the damping ratios. 
Additionally, the indicators used, both Kurtosis and STFT were essential to 
provide information about the signal quality and the location of the 
harmonics, so that they were not incorrectly identified as modes in the proposed 
algorithms. 
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Figure 6. SVD plots (a) and SSI stabilization diagram (b) for tapping 
procedure. 


179 


Table 4. Modal parameters obtained from OMA tapping procedure. 


Natural Damping 
OMA Frequency | Ratio 
Shaft Angular e Mode ò S 
Test Velocity [Hz] Algorithm Direction [%] [%] 
Backward 51.89 1.04 
EFDD 
Forward 53.54 0.95 
Tapping 30 
Backward 51.79 1.31 
SSI 
Forward 53.65 1.31 


6 CONCLUSIONS 


The paper presents an investigation about the use of simple OMA techniques in the 
identification of modal parameters of a rotating system supported by roller bearings. 
The OMA identification when applied to rotating machinery is particularly challenging 
due to its inherent operating conditions, such as the presence of harmonic forces, 
closed-spaced modes and non-proportional damping due to the bearings. In this way, 
the paper explored OMA procedures in order to analyse systems conditions and 
ensure a good extraction of modal parameters, using two vastly known OMA algo- 
rithms in both domains, namely, EFDD and SSI. 


The results show that when the OMA identification techniques are applied to a rotor in 
a test rig, in which there is no influence of external forces, the extraction of the modal 
parameters is not possible. However, through the application of small impacts, ran- 
domly distributed in time and space, over the rotor, the condition for the application of 
OMA becomes sufficient for obtaining the natural frequencies and damping factors, 
showing great agreement with the values observed through the numerical model of 
the same rotor. Kurtosis and STFT indicators were used to assist in the analysis of the 
signal in both situations and were also fundamental for the interpretation of the 
results. 
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ABSTRACT 


The main objective of this work is the evaluation of the performance of an EHD (elas- 
tohydrodynamic) lubrication reduced model for angular contact ball bearings. The 
multilevel numerical integration algorithm is applied to solve the EHD lubricated con- 
tact equations and the numerical results are optimized to adjust an equivalent force 
versus displacement curve of a reduced model based on equivalent nonlinear stiffness 
and linear damping coefficients of the bearing. The rotor-bearing finite element model 
is therefore built, allowing the comparison with experimental tests obtained from the 
literature. 


1 INTRODUCTION 


The aim of reducing computational time and testing costs in the design of machinery 
has been driving the researchers to develop more accurate and refined models to 
improve the prediction of system’s operational conditions. In this context, this paper 
contributes with the application of a reduced model previously developed by Nonato 
and Cavalca (1) and (2) for representing the rotor behavior when supported by angu- 
lar contact lubricated ball bearings, along with a comparison with experimental tests 
found in the literature (3). 


Initially, the distributed forces on the bearing elements are estimated, taking into 
account, in the first step, the Hertz theory for the ball-raceway contact, considering 
the external load applied on each bearing, besides inertia effects due to high rotation 
speed and gyroscopic moment on the force equilibrium, (4) and (5). Recently, several 
approaches aim the complete representation of the rolling elements bearing compo- 
nents behavior, however, greatly increasing the computational costs (6). 


Consequently, the classic formulation given in (4) has been still applied on bearing 
dynamics studies with high computation demand, as sensitivity analysis (7,8), fault 
modeling (9-11), surface finish (12-14), roughness effect (15) or models for more 
complex bearing configurations (16). 


A common trace between earlier and recent models for angular contact ball bearing is 
the partial or complete lack of the stiffness and damping effects of the lubricant film 
thickness present at the contact interfaces, sometimes approached in a simplistic 
form. 


The nonlinear elastohydrodynamic (EHD) contact phenomena had its earlier develop- 
ment in the work of Reynolds (17) and Hertz (18), further adapted by Dowson (19) 
and (20) and Roelands (21) to consider variations in fluid properties, namely density 
and viscosity, due to temperature and pressure. 


However, the complete elastohydrodynamic theory leads to high computational costs, 
alongside the low damping and high stiffness present in heavy load conditions, which 
tends to increase convergence problems. Consequently, few studies have combined 
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elastohydrodynamic contact stiffening and damping of the lubricant film with the clas- 
sical bearing dynamics model. 


A solution firstly proposed in (22) uses a reduced-order model for the lubricated con- 
tact in radial bearings through an implicit nonlinear formulation adjusted to a multi- 
level solution for the transient EHD contact point (23). Explicit formulations for the 
contact stiffness and damping have been studied, linearly (24) and nonlinearly (25). 


In the case here investigated, the first step is the numerical solution for the EHD lubri- 
cated contact equations, obtained by Multi-Level Multi-Integration (MLMI) algorithm 
(see (26) and (27)). 


As the EHD numerical results are highly timing costly, a reduced model is then applied 
by optimizing nonlinear stiffness and linear damping parameters to adjust the contact 
forces curves in the bearing elements and successively, in the complete bearing 
equivalent coefficients, as in (1) and (2). 


Finally, a complete rotor-bearing system is modeled, based on the work of Aini (1) for 
experimental comparison purposes. The rotor model, however, comprises the shaft 
and disk finite element model, by the well-known Timoshenko’s theory for the shaft, 
considering effects of inertia, elasticity and shear, developed by Nelson and McVaugh 
in (28) and (29) respectively. 


A comparison between the simulations developed here and the experiments from the 
literature is carried on, being applied on a spindle supported by an angular contact ball 
bearing, and subject to an unbalance force at its cantilever end. The main frequencies 
of the complete system identified by the model are in good agreement, in amplitude 
and frequency, with the experimental data. 


The model seems to be promising to applications involving condition monitoring on 
operational rotor-bearings systems, leading to extend bearings lifespan, by modeling 
their behavior. It also supports the development phase of bearings and rotating 
system by reducing computational time consuming and experimental tests costs, 
making it feasible to approach the physical bearing behavior by computational 
simulations. 


2 METHODOLOGY 


2.1 Contact force reduced model and bearing equilibrium 

It is necessary to have a first approximation of the load distribution in the bearing 
spheres, which is given by the solution presented in (4) by calculating the dynamic 
equilibrium of the spheres with the external load. The Newton-Raphson iterative 
method, simultaneously applied on each sphere using the Hertzian dry contact model, 
determines displacements, velocities, and loads in the contact direction. 


Afterward, the dimensionless parameters of Moes for load (M) and lubrication (L), 
described in (26), are applied as input for the contact characterization of the elastohy- 
drodynamic (EHD) lubrication contact. A multilevel finite difference method is used to 
integrate a system of equation, composed by Reynolds equation, oil film thickness, 
viscosity-pressure, density-pressure relations, and forces equilibrium, as presented 
by Nonato (2). 


The bearing characterization is the basis of the approach by a reduced-order model of 
the nonlinear restoring contact force, for internal and external raceways. The Leven- 
berg-Marquardt optimization algorithm (30) is then applied to the static equilibrium of 
all spheres, using displacement (6;,;) and force (Fij) data from EHD simulation. This 
adjustment is used to obtain the parameters of equivalent nonlinear stiffness Kio, 
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displacement exponent d;, and the residual force AF;,, as shown in equation (1), 
according to (5). 


Fioj = Kio ôg + AFio (1) 
where the subscript (i) and (0) means, respectively, inner and outer contact ball- 
raceway and j, the j sphere on the bearing. 


The parameters of the reduced-order model must be able to reproduce the force versus 
displacement curve previously obtained from the numerical simulation, as represented in 
Figure 1. 


Force versus Displacement 


O EHD simulated points 
—— Optimized curve 


35 


30 


Force, F [N] 


0 1 2 3 4 5 6 7 8 
Displacement, ô [m] x107 


Figure 1. EHD contact on the inner raceway, five points for each sphere, and 
the curve representation for the reduced model of equation (1). 


A spring-damper system represents the oil film in the contact area, as the scheme in 
Figure 2, wheredm is the bearing pitch diameter. The transient response at the EHD 
contacts in each sphere is used to determine the equivalent linear damping coefficient 
with internal and external raceways. 


Diri 


a 
Pe! 


(a) * (b) 


Figure 2. Ball bearing oil film representation as a spring-damper system, (a) 
y-z view and (b), x-z view. 
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The angular contact between spheres and raceways makes necessary to decompose 
the restoring and dissipative forces in axial and radial directions (indices A and R, 
respectively) to obtain the parameters of the reduced-order model in both directions. 
According to Equation (2), since the inner and outer contact angles, respectively oij 
and a,j, are different when the bearing is loaded, the inner and outer reaction forces, 
F; and Faj, are not collinear. 


Fiori = Sin(dioj)Fioj; Fioaj = COS(@ioj) + Fig; (2) 
Afterward, it is possible to find the total reaction forces of the bearing in radial and axial 
directions, taking into account that the total displacement is the sum of the internal and 


external raceway displacements, as shown in Equations (3) and (4). Hence, the equiva- 
lent parameters for radial and axial bearing forces can be determined. 


ÖRA; = 9in,A; + ÖoR,A; (3) 


FRj Kp -ÒR t AFR;Faj Ka - 83 t AF a (4) 


The radial displacements can be represented in terms of ym, 62m and yj, the Azimuth 
angle of the jt" sphere, as shown in (2). Considering P, as the bearing diametrical clear- 
ance and directly related to the radial displacement of each sphere dp; (Equation (5)). 


P 
örj = 52m cosy, + Sym siny; (5) 


The first time-derivative of the radial displacement of each sphere gives the velocity of 
the center of the spheres regarding their equilibrium position. 


Šrj = —ÖZmýjsin yj + ÖyYmYjcosyj + 82m cosy; + dy,nsin(y;) (6) 


The angular velocity term in this equation,, represents the cage velocity (w.), given by 
Equation (7), where Q is the shaft rotation, that is, the bearing inner raceway rotation, 
dn, the bearing pitch diameter and D, the diameter of the spheres. Considering the outer 
raceway at rest. 


_ Q(dm—Deos(a)) 
rs (7) 
The static balance in the bearing is given by the sum of the reaction forces of the 
spheres in xm, Ym and Zm directions. Since Z is the total number of spheres of each bear- 
ing, the equations (8), (9) and (10) are obtained. Considering the rotor degrees of 
freedom, oy,,, Zm, and, in equation (3), (4) and (5), as Ym, Zm, and respectively. 


Zz de 
: P 
Fny= J | (Ke (zncosy +ymsiny;— Z) are] coy (8) 


(9) 


Py\ E 
Ke (znoosy Ymsinyj a) AFR |siny; 


YA 
Fm= X (Kaxi’+AFa) (10) 
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The dissipative forces of the bearing are then described by equations (11), (12) and 
(13), obtained with the product of equivalent bearing damping by the derivative of the 
position in time, given by Equations (11) and (12), for the radial direction, and directly 
by Equation (13) for the axial direction. 


Z 
Fny = 5 E (ZmCosw; + YmSiny;) + Oc(—Zm sin yj + Ymcosyj))cosy;] 11 
j=l 
Zz 
Fm = 5 E (Żmcosyj + YmSiny;) + @c(—Zm sin Yj + Ymeosy;)) sin yj] 12 
j=l 
Zz 
Fax = >) (G Xm) 13 


The complete equation of motion of the system is described in Equation (14). M, GeK 
are, respectively, the mass, gyroscopic and stiffness matrixes. They are assembled 
using the element matrixes given in (31), from Timoshenko beam theory: 


M- ii(t) + (D+ 9G) - u(t) +K- u(t) = f(u,ù, t) (14) 


The matrix D represents the shaft dissipative forces and is written as proportional to 
the stiffness matrix. The f(u,u,t) vector contains all external forces and bearings non- 
linear reaction forces, equations 8 to 13, applied in the respective degrees of freedom, 
as demonstrated in equation 15. 


Frys F my 
f(u(bearing node), u(bearing node), t) = < Fmz+Fmz (15) 


Finx+ Fink 


3 RESULTS AND DISCUSSIONS 


The rotor model applied in this section is shown in Figure 3, representing a spindle 
used in the experiments conducted by Aini (3), where nodes 2 and 4 locate the angular 
contact ball bearings, node 3 is the center of mass and node 1 is the tool cantilever 
end, subjected to rotary unbalance. 


Figure 3. FEM model of the original Aini’s spindle experiment. 
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The rotor’s characteristics are presented in Table 1. 


Table 1. Spindle Characteristics. 


Shaft mass (kg) 

Shaft Modulus of elasticity (Pa) 
Shaft diameter (m) 

Proporcional damping coefficient 
Spindle rotational speed, 2 (RPM) 


Residual unbalance (kg.m) 


The bearings characteristics are presented in Table 2. 


Table 2. Bearing characteristics. 


Number of spheres in the bearing | 16 
Sphere diameter (m) 7.94 x 10-3 


Bearing pitch diameter (m) 5.4 x 10-2 


Nominal angular contact (°) 15 


The bearings are characterized in the operating conditions for a preload of 100N, 
equally applied on each one in the axial direction, and only the weight distribution in 
the radial direction. Then, by the optimization proposed in (5), the parameters for 
equivalent stiffness, K, displacement exponent, d, lift force, AF, damping coefficient, 
C, are properly determined. These results are displayed in Table 3, where the sub- 
scripts R and A represent, respectively, the radial and axial directions. 


Table 3. Bearings results of Stiffness (K), nonlinear exponent (d) and 
offset force (AF). 


Bearing 


Figure 4 presents the reactions forces responses from the time integration simulations 
of the whole system. It demonstrates the static loads in which each bearing was char- 
acterized, namely, Fy; = 0 N, F,, = 33 N and Fąı= 100 N, and Fy = ON, Fy = 22 N and 
Fx = 100 N and the time response due to unbalance. This is a simple validation of the 
correct loads of the bearing’s characterization and the influence of unbalance on the 
reaction forces. 
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Reaction forces bearing 1 2 = 3000 RPM Reaction forces bearing 2 2 = 3000 RPM 
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Figure 4. Reaction force distribution in bearings 1 and 2. 


Figure 5 shows the DFT of the time response signal of node 1 in the z-direction. It is 
possible to identify the response to the rotor unbalance at the first peak at 50 Hz (rota- 
tion frequency) and its harmonics, 2X, 3X due to the radial clearance, in this case of 
10mm, also identified with amplitudes close to those experimentally measured. 


Frequency Spectrum Z node 1 Q = 3000 RPM 


1:2 


T 
—— EHD Model 
® Aini (1) Experimental data 


Amplitude [ zm] 
o o> 
& (e>) 


O 
h” 


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Frequency [kHz] 


Figure 5. Frequency spectrum comparison between the simulated rotor with 
reduced-order bearings forces model and experimental results (3) at node 1. 
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The first harmonic of BPFO (Ball Pass Frequency of Outer ring), given by Equation 
(15), which is the frequency of passage from one sphere position to the next one, can 
be noted even with low amplitude, either in numerical simulations or in the experi- 
mental measurements in (3). 


BPFO 28 (1 m Teosta) ) (15) 


m 


This is an important result since the increasing amplitude in the BPFO frequency, as 
well as its harmonics, is a characteristic signature of rolling bearing failure. 


Figure 6 shows the orbits at the finite element model nodes along with the shaft dis- 
cretization, properly amplified to improve the visualization and better understanding 
of the rotor-bearing response. The radial clearance, Pa, of 10 mm affects the orbits, 
given them a characteristic flat shape. 


Orbits 2 = 3000 RPM 


-0.5 


y [m] K 
4 74 x [m] 


Figure 6. Orbits representation of FEM at nodes 1-5. 


4 CONCLUSIONS 


The comparison of the experiments conducted by Aini (3) with the theoretical results 
developed here demonstrates the coherence in representing the sphere-to-raceway 
angular contact by the reduced-order model of the EHD contact. For such representa- 
tion, the insertion of contact interaction forces in the rotor system was completed by 
carrying the bearing coordinate system into the rotor reference system, using opti- 
mized parameters for the radial and axial directions. 
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The harmonics of the rotation frequency and the passing frequency of the spheres 
(BPFO) were identified in the numerical simulation of the rotating systems, signaling 
positively for the representation of these components according to the reduced-order 
of the non-linear forces in the sphere-raceway contacts. 


As a result of bearing characterization, the reduced model provides a closed solution 
that can be directly introduced into the system's equations of motion, eliminating one 
of the most expensive numerical processes in the solution, the EHL multi-level solu- 
tion. The non-linear character of the bearing forces is maintained and this process, 
previously developed for radial bearings (2), can be applied to angular contact bear- 
ings. The approach of applying decomposed parameters in the radial and axial direc- 
tion is proved to be feasible. 


The EHD modeling proposed for angular contact ball bearings, and their interaction 
with rotating systems, is promising for practical applications, leading to future investi- 
gations on the bearing frequencies, known to be altered in the presence of defects, 
which become an interesting signature for fault identification 
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ABSTRACT 


The interference fit between the journal bearing and the housing could reduce the 
bearing’s vertical clearance. However, its effect on the nonlinear vibration, such as 
Hopf bifurcation type, has not been rigorously discussed. This paper presented the 
effects of the reduced bearing vertical clearance on the nonlinear vibration under vari- 
ous rotor parameters, such as disk mass and position. Model reduction by component 
mode synthesis, shooting method with parallel computing, arclength continuation, 
and Floquet multiplier analysis were implemented to efficiently obtain the limit cycles 
and their stability of the nonlinear rotor-bearing system. The experiment was per- 
formed to verify the calculation results. 


1 INTRODUCTION 


It is a well-known fact that subsynchronous vibration can occur in the flexible rotor 
supported by journal bearings (JBs) due to the nonlinearity of the JBs. This subsyn- 
chronous vibration can cause rotordynamics instability, especially at the rotational 
speed above the onset speed of instability (OSI) (1, 2). Even the OSI can be obtained 
by the eigenanalysis around the equilibrium position, which is the standard calculation 
in rotor-bearing system design. However, the eigenanalysis can only predict the stabil- 
ity in the linear analysis sense, and it cannot predict whether the rotor’s whirling amp- 
litude is bounded (supercritical bifurcation) or unbounded (subcritical bifurcation) (3) 
when the rotor’s equilibrium position becomes unstable. The subcritical bifurcation is 
particularly should be avoided because of its sudden increase in the rotor’s whirling 
amplitude, which can also occur even at speed lower than the OSI if the rotor is suffi- 
ciently perturbed. Hence, nonlinear analysis is essential to apprehend this phenom- 
enon of the rotor system, as stated by several research papers on the nonlinear 
vibration of the flexible rotor supported by the journal bearing (3-5). 


As noted by several prior research, the bearing profile can affect the system's stability 
(1, 6). However, the actual profile can be different from the designed one due to 
manufacturing error, as stated by Kirk (7), or interference from the bearing housing. 
Allaire and Flack (6) observed that the non-preloaded axial groove bearing tended to 
be more stable than predicted due to the preload caused by the bearing being crushed 
vertically by the housing. However, to the authors’ knowledge, the investigation of 
nonlinear vibration, such as Hopf bifurcation type, caused by this kind of preload bear- 
ing has not yet been investigated. 


In typical rotordynamics analysis, the rotor is modelled by finite elements (FE) with 
only a few nodes subjected to the nonlinear forces from bearing or seal. Hence model 
reduction is advantageous. Friswell and Penny (8) reviewed the accuracy of several 
model reduction schemes and stated that component mode synthesis (CMS) provided 
the most accurate orbit of the reduced model. CMS (9-11) considers the retained 
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mode-generalized coordinates of the substructure constrained at the boundary as 
additional DOF. CMS was successfully implemented to analyze the stability of the peri- 
odically-excited rotor-bearing systems that had local nonlinearities (12), determine 
the response (13), bifurcation, and stability (14, 15). Koondilogpiboon and Inoue (16) 
demonstrated that using CMS, even with only the two lowest modes of the internal 
degrees of freedom (DOF) retained, was sufficient to predict the OSI and bifurcation 
type that agreed with the experimental results. Apart from the model reduction, the 
nonlinear calculation speed could be further improved by utilizing the shooting 
method with parallel computing, as done by Kim and Palazzolo (17). Using the shoot- 
ing method was also advantageous as the by-product of the numerical procedure can 
be used to calculate the Floquet multiplier to determine the limit cycle’s stability. 


In this study, real mode CMS was applied to the full rotor FE model. Then, the shooting 
method with parallel computing was applied to the reduced rotor model to obtain the 
limit cycle, and Floquet multiplier analysis was used to determine the stability of the 
limit cycle. The selected model was a flexible rotor supported by one self-aligning roll- 
ing element bearing (REB) and one axial groove JB. Eight cases of combination of disk 
mass, position, and bearing preload were investigated. The experiment on the test rig 
was Carried out to verify the calculation results. 


2 MATHEMATICAL MODELS 


2.1 Flexible rotor model 

The rotor was modelled by 1-D finite elements (FE) derived from the Euler-Bernoulli 
beam into six nodes. It consisted of one large disk with selectable positions and two 
small disks attached. The rotor was supported by a self-aligning rolling element bear- 
ing (REB) and a journal bearing (JB), as shown in Figure 1. Additional rotor and bear- 
ing parameters are presented in Table 1. 


Yb 


X, Xb 


128 438 | 257 


85 housing coordinate 
global coordinate 


static deflection curve 


Figure 1. Rotor Model. 


The equation of motion (EOM) of the balanced rotor in fixed global coordinate (x, y, z) 
can be written as: 


AÀ A A \ A A A A 
Ma+(C+86,)a4(K + Ko) @=F 48 (1) 
r g 


A A A A 
where M,.,C,,G,,K, are mass, damping, gyroscopic and stiffness matrices of the 
rotor, Rais REB’s stiffness matrix, F, Bis are gravitational and JB’s forces vectors, and 


a a x i T 
q= fand ôa bn 86, Bas, By} is the displacement vector. Note that “^” denotes 


dimensional variables. A static deflection curve of the rotor in the pin-pin support 
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condition, shown by the dashed line in Figure 1, can be obtained by considering only 
K,q and F, terms of Eq.(1) with % = ĵ =x; = fs = 0. The calculated JB load, journal 
inclination (Axsse) and vertical deflection of the large disk (4s) in each large disk mass (m4) 
and position (Z,) is shown in Table 2. The bearing housing was tilted according to the 
obtained journal inclination (ôs) to satisfy the parallel journal-bearing assumption. 


Table 1. Rotor and bearing parameters. 


Parameter Variable Value 


Large disk mass 4,8 

Large disk position from REB 0.340, 0.575 
Shaft and disk density s 7930 

Shaft’s Young modulus 5 191.4x10° 
Shaft diameter . 14x10 
REB’s direct stiffness Rreh» Kretyy | 1.34107 


JB length È 12, 18x10? 


Journal diameter 30x107 


JB's pad radial clearance 60x10 
Pad arc length c 140 
Oil viscosity (VG32) fi 40x10 


ma (kg) 

Êa (Mm) 
JB load (N) 
Ês (deg) 


Jase(MM) 


2.2 Journal bearing model 

In this study, the crushed bearing was assumed to have the same pad curvature as 
the normal one. However, the pad’s center of curvature was shifted by the housing’s 
clamping force, as shown in Figure 2(a). According to the observation of Koondilogpi- 
boon and Inoue (16), the parallel journal-bearing assumption, which requires only cal- 
culation in half of the axial length, could correctly predict the bifurcation type in the 
cases that JB has length-to-diameter (L/D) ratio of 0.4. The film thickness in the bear- 
ing (housing) coordinate (xb, yb, zb) of the it” pad, shown in Figure 2(b), can be repre- 
sented as: 


Ay: (ès) Cp — %, cos 6,4 — fp sin -p — (Č — Cm) cos(ĝ;, — bpi) (2) 
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where Cis C,, are pad and bearing assembly radial clearance, respectively. In this 
investigation, the C,, values of 60 and 45 um were selected for normal and crushed 
bearing, respectively. The film thickness was inserted into the Reynolds equation, 


defined as: 
1 ð (Hy e\ o (Hi aP\  GoHy , Hy 6) 
R2 ods (120b) © Oy \1202,) 2 ôy Ot 


Q 


norma 


r pad 1 
clamping 


force 
crushed 


(a) (b) (c) 


Figure 2. a) Crushed Bearing, b) Geometry, c) CAD Drawing. 


O 


A finite difference form of Eq.(3) was then derived and then solved by the successive 
over-relaxation (SOR) method (18, 19). The pressure at pad edges was set to zero as 
a fixed boundary condition, as stated by Lund and Thomsen (20). Reynolds boundary 
condition was used as the cavitation boundary condition due to its simplicity in imple- 
mentation to the program while giving good agreement with the experimental data. It 
was applied by replacing negative pressure with zero before calculating the pressure at 
the successive node in every iteration step of SOR (18, 19). After the pressure iteration 
converged, bearing forces in the fixed bearing coordinate (xb, yb, zb) can be calculated 
and then transformed to the fixed global coordinate (x, y, z) used in the EOM. The equilib- 
rium position of the rotor and the linear dynamic coefficients were determined to obtain 
the onset speed of instability (OSI), which was used as the starting point for the non- 
linear analysis. 


3 ROTOR MODEL REDUCTION BY CMS 


In order to reduce DOF of the rotor system for numerical integration in the shooting 


method, Eq.(1) was rearranged as: 
A 
A A K A A A A Š A A A #,(?) 
| M; Me | a|, Cı Ce). 8) Gu Ge qa \ | Ky; Keg { q; l n 
A A Ä A A A A A A A A A A 
Ms; Maz J | G3 Cg; Cag Gz; Gap qg Kg; Kgg] (qz Fg (i) 
(4) 


where q is the internal DOF (those of node 1-4 and 6, total 20 DOF), and ds is the 
boundary DOF (those of node 5, total 4 DOF), which is the node that is subjected to 


195 


the nonlinear forces (Fn) vector. The constrained normal modes can be obtained by 
solving the free vibration problem of the internal DOF with the boundary DOF in Eq.(4) 
set to zero (9, 10). In general, the eigenvalues and eigenvectors of Eq. (4) are speed- 
dependent and complex. So, the obtained modal coordinates are complex, which 
requires complex variable integration. However, Kobayashi and Aoyama (11), and 
Sundararajan and Noah (14) found that neglecting Cy and G; terms in Eq. (4) gives 
real eigenvalues and eigenvectors and causes only small changes in the result. If Cy 
and Gy are neglected, the internal DOF yield real eigenvectors (modes) @,,@),.-.,Qr9, 
which are arranged in ascending order of the corresponding real eigenvalues 1;,..., A290. 
The matrix of retained eigenvectors up to the ht” retained lowest modes can be 
defined as: 


N, = [91,92,--- 59) (5) 


For the static relationship between q and qn, by assuming no external force acts on qn 
the static version of Eq.(4) leads to Guyan static reduction: 


A A-lA A A 
da; = —| Ky, Kis] ag = Xa (6) 


By considering q as summation of Guyan static reduction and the displacements of 
the retained modes, Eq.(6) could be expanded to: 


A x n nN 
ar | _ h | JB | _ we 
GPE) ° 
qg an 
where a, = {a,...,4,}and ân is the retained ht mode-generalized coordinate. The 
reduced EOM can be obtained by substituting Eq.(7) into Eq.(4): 


A A A A^ AA A ON A 
Mro S + (Cen +o ĉr») S +Kro + S = Frp (*) (8) 
where 
A NY NY A F F 
Mro = Y” Mı Me {¥, Fro) =Y" F,(0) (9) 
Mz; Msg F3(?) 


4 NUMERICAL PROCEDURE 


4.1 Onset speed of instability calculation 

The first critical speed (FCS) and onset speed of instability (OSI) can be obtained from 
the eigenanalysis of the EOM that the bearing forces are linearized to bearing stiffness 
and damping. The OSI is the rotational speed that the real part of the positive- 
frequency first forward mode's eigenvalue becomes zero. For the full rotor model, free 
vibration of Eq.(1) becomes: 


K A 


AK [A A AA A\A 
M, q4 (ê. + C, 4 bG,) 4 | (k | Kk») 4 0 (10) 


where Ĉĉ, and K, are combined damping and stiffness matrices of REB and JB. The 
eigenvalues of the reduced rotor model were obtained similarly by using the free 
vibration of Eq.(8). The obtained results are presented in Table 3. From this table, it 
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could be seen that the reduced model yielded almost identical FCS and OSI to those 
obtained from the full model. For the case of m,;=4 kg, reducing C,» increased the OSI 
substantially in both Z, cases, especially when i,=575mm. However, if i~=8 kg, redu- 
cing C,, did not increase the OSI noticeably when £,;=340mm and even slightly 
lowered the OSI when £,=575mm. 


Table 3. FCS and OSI of the full and reduced rotor model. 


ma (kg) 
La (mm) 


Cn (UM) 

FCS (Full) 

FCS (Reduced) 
% Diff. (F-R)/F 
OSI (Full) 

OSI (Reduced) 
% Diff. (F-R)/F 0.48 | 0.49 


4.2 Shooting method, parallel computing, and arclength continuation 

The shooting method was used due to its efficiency in solving periodic solutions and 
ability to obtain an unstable solution (21, 22). However, before the shooting method 
was applied, the reduced EOM had to be nondimensionalized to improve the numerical 
accuracy. The nondimensional version of Eq.(8) became: 


" 1 
s + (Crp + @Grp)s + Kprps = Fro (t) (1 1) 
where 
Ne A oF d S S oi S 
t = Oref t, @ n ’ iS A AY penr y 8 Aa A S 
ref Cr ref Cro neg Crb 
(12) 
ATIA POE * AOA A 
Cro=MarpCro Grp = M 1Gap Krp = Map —!1 Keo Frp (t) = M oe (*) 
A ? A 3 A a A 
Ores Oref Oref DpefCrb 


In Eq.(12), the OSI of the reduced rotor FE model of the corresponding rotor-bearing 
configuration, shown in Table 3, was used as ô, in the particular rotor-bearing config- 
uration. Since the investigated rotor-bearing system was self-excited, it was autono- 
mous and had an unknown period. For the periodic solution, the first-order Taylor 
series of the periodic motion’s residual vector was (21): 


Ur (UG, 7) 


Ur (U$, 78) = Uf + [AE 


I) {U6 — Up} 


k 
OUr (Up, T6) 
OT 


(H-t) =0 
k 
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where U = 487,57" p subscripts T and 0 represent the ending and starting point of 
the periodic motion, and superscript k is an index of iteration. From Eq.(13), 
there were 8 unknowns for q; and q's, 4 unknowns for a, and a’,, and 1 unknown 
for To with 12 equations. To make the equations solvable, the velocity constraint 
x) = 0 was defined and the terms related to partial derivative respected to xj in 
Eq.(13) were removed. As a result, US*!and 7+! can be obtained simultaneously. 
The partial derivative part in Eq. (13) was solved by central difference method 
which required 24 integrations in each iteration step to find Ur of the pertur- 
bated U, and 7). However, each integration can be done parallelly to reduce the 
calculation time as accomplished by Kim and Palazzolo (15, 17). The guessed 
initial value for U, and T, was obtained from the steady-state solution using 
numerical integration of Eq.(11) at the rotational speed above the OSI of the 
reduced rotor model obtained from the eigenanalysis in case the stable limit 
cycle can be obtained. However, if the steady-state solution could not be 
obtained, U, and 7, were selected from the point in time expansion of Eq. (11) 
at the rotational speed below the OSI that made the shooting method yielded 
a periodic solution. The contact between the journal and the bearing was 
checked from the journal lateral displacement at the IB and OB sides of the 
bearing using lateral and angular displacements of node 5, shown in Figure 1, 
under the rigid journal assumption. The arclength continuation (21) was applied 
to make the solutions able to transverse the saddle-node point (if occurred). U, 
and T, were defined as functions of position s along the arc. The continuation 
was terminated when the contact between the journal and the bearing was 
detected. 


4.3 Floquet multiplier analysis 

After the solution for U, and 7) were obtained, the stability of the solution was verified 
by calculating the monodromy matrix (®). For an autonomous system, the mono- 
dromy matrix is defined by (22): 


(14) 


which can be readily obtained from a part of the third term in Eq.(13). The peri- 
odic solution is stable if the spectral radius of the monodromy matrix is less 
than 1. 


5 TEST RIG 


The test rig, shown in Figure 3(a), that imitates the parameters used in the 
simulation was set up to verify the calculation results. The bearing housing was 
inclined to the value of ĝss depicted in Table 2 by inserting shims under the out- 
board side of the bearing housing. Two JBs with C,,=60 and 45 um were manu- 
factured by EDM with +5 um tolerance. The interference fit between the bearing 
and housing was less than 10 um, so it was reasonable to assume that the pre- 
load was caused by bearing profile only. Engineer’s blue paste was applied to 
observe the contact, which also indicated the parallelism between the journal 
and the bearing, as shown in Figure 3(b). The bearing’s inlet oil temperature 
was controlled so that the steady-state bearing’s drain temperature at speed 
about 500 rpm below the calculated OSI was in the range of 30-32°C, which 
gives U=42-38 mPa-s according to Vogel’s equation (23). Shaft relative displace- 
ments in x and y-directions were measured at OBP and IBP positions shown in 
Figure 3(a) and then used to calculate the displacements at OB and IB. 
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Figure 3. a) Test Rig, b) Contact Pattern. 


6 RESULTS 


6.1 Nonlinear calculation results 

Figure 4 to Figure 7 show comparison of the maximum value of the limit cycle’s 
eccentricity ratio at the IB side (The OB side's plots were omitted as the journal 
touched the bearing at IB side in all cases) when C»=60 and 45 um of each ña 
and i, case. In these figures, the solid and dashed lines represent stable and 
unstable solutions, respectively, whereas the square represents the OSI obtained 
from the eigenanalysis of the reduced model. The bifurcation point was defined 
by the point the limit cycle converged to the equilibrium position. It was 
observed that this point was identical to the OSI obtained from the eigenanaly- 
sis, which confirmed the linear analysis’s validity in the infinitesimal motion 
range around the equilibrium position. The stability of the limit cycle connected 
to the bifurcation point was used to identify the Hopf bifurcation type. The Hopf 
bifurcation type was supercritical or subcritical when the limit cycle was stable 
or unstable, respectively. 


The results of the cases mj=4kg, which can be considered as a lightly-loaded 
bearing, indicated that the reduced C, raised the OSI, especially when 
L,=575mm, as depicted in Figure 5. However, it changed the bifurcation type 
from supercritical to subcritical in this case, which means the rotor’s vibration 
amplitude will suddenly jump when the OSI is exceeded, or the rotor is suffi- 
ciently perturbed even at speed below the OSI. These results indicated that the 
reduced C,, could increase the OSI of the rotor, which is quite a well-known fact, 
but it can change the bifurcation type. When the bearing load was raised by 
increasing im to 8 kg, however, the OSI of the reduced C,, cases did not substan- 
tially change from that of the normal C,» cases. The reduced Ĉ,, changed the 
bifurcation type from subcritical to supercritical in the case Z;,=575mm, as 
shown in Figure 7. Note that in the mz=8kg cases, the eccentricity ratio of the 
journal equilibrium in the reduced C,, case was noticeably higher than that of 
the associated normal C,, case. The higher operating eccentricity ratio contrib- 
uted to a more stable operation as indicated by the wider gap between the equi- 
librium position and the unstable limit cycle at speed below OSI in Figure 6. In 
addition, it could suppress the whirling’s sudden growth of subcritical bifurcation, 
as shown in Figure 7. Hence, the reduced C,, could change the bifurcation type 
in specific rotor configurations, and the nonlinear analysis was essential in pre- 
dicting how the vibration amplitude of the rotor grows when it becomes unstable 
or perturbed at speed near the OSI. 
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6.2 Experimetal Results 

The vibration amplitude at the frequency around FCS of the IB side was plotted versus 
shaft rotation speed, as shown in Figure 8 to Figure 11. In these figures, the upper and 
lower triangles represent the data during run up and run down, respectively. FCS, 
OSI, and bifurcation type could be detected from these figures. The bifurcation type 
was identified by the stability of the subsynchronous vibration. If its amplitude was 
stable at a constant speed above the OSI, the case was identified as supercritical bifur- 
cation and vice versa. These values were then summarized and compared with the cal- 
culated values, as shown in Table 4. It can be seen that the experimented FCS, OSI, 
and bifurcation type agreed well with the calculation results. 


Table 4. Calculated and Experimented FCS, OSI and Bifurcation Type. 


ma (kg) 
La (mm) 


Cw (H m) 


FCS (Calc, 
Reduced) 


FCS (Exp) 
% Difference 


OSI 
(Reduced) 


OSI (Exp) 
% Difference 


Bifurcation 
(Calc) 


Bifurcation 
(Exp) 
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Figure 8. Vibration Amplitude: ma=4kg, L,=340 mm. 
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Figure 10. Vibration Amplitude: m,=8kg, /,=340 mm. 
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Figure 11. Vibration Amplitude: mg=8kg, L,=575 mm. 


7 CONCLUSIONS 


The effect of the journal bearing preload (reduction in C,,) caused by bearing-housing 
interference fit on Hopf bifurcation type of a flexible rotor supported by a journal bear- 
ing (JB) was investigated under various cases of disk mass/position. The real mode 
component mode synthesis (CMS) that retained only the two lowest modes of the 
internal degrees of freedom (DOF) of the rotor-bearing system was applied to reduce 
the rotor model. Shooting method with parallel computing and Floquet multiplier ana- 
lysis were then applied to the reduced model to obtain the limit cycle and its stability 
to identify the bifurcation type. The experiment on the test rig with identical 


202 


parameters to those used in the numerical calculation was performed to verify the cal- 
culation results. 


The calculation and experimental results agreed well with each other in all cases. They 
showed that even though the reduced C,, noticeably raised the OSI when m,= 4kg and 
L,=575mm, it changed the bifurcation type from supercritical to subcritical. However, 
when ña was increased to 8 kg, the reduced ain changed the bifurcation type from sub- 
critical to supercritical but slightly lowered the OSI. This reversal in trend could be 
caused by higher operating eccentricity of the bearing with reduced C,,in the case of 
mg= 8kg that stabilized the rotor and suppressed the suddenly increasing unstable 
vibration. Hence, the reduced C,, could change the bifurcation type in particular rotor 
configurations, and the nonlinear analysis was essential in predicting how the vibration 
amplitude of the rotor grows when it becomes unstable or perturbed. 
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ABSTRACT 


Active Magnetic Bearings (AMB) can support and act as an actuator in a rotor system. 
These machines are subjected to uncertainties. To consider them, Monte Carlo 
methods are usually implemented. However, they may take an extensive processing 
time. In this work, the generalized Polynomial Chaos Expansion is used to approxi- 
mate the stochastic response of a rotating system supported by AMB. It is considered 
uncertainties in the bearing parameters and unbalance force. The results are validated 
by comparison with experimental data. After the validation, a global sensitivity ana- 
lysis is performed through Sobol indices. 


1 INTRODUCTION 


The study of rotor-bearing systems is demanded due to its extensive use in the indus- 
try, especially in power plants. The high costs of production and maintenance make 
the development of mathematical models and simulations necessary. Finite element 
method is normally used to model these systems. Nelson and Macvaugh (1) developed 
a finite element model of a beam using the Rayleigh model, the model included the 
effects of rotatory inertia, gyroscopic moments and axial load. Years later, Nelson (2) 
based on the previous work and the Timoshenko beam, determined the shape func- 
tions considering the internal damping effect. 


An important component of a rotating system is the bearing, which connects the rotat- 
ing shaft to the foundation of the machine. The ball and fluid types are commonly 
used, due to their price and they are suitable for a great number of rotor systems. 
However, they provide a passive support of the shaft and the friction between the 
shaft and the balls or fluid drains energy from the system. The Active Magnetic Bear- 
ings (AMB) supports the shaft through a magnetic field, therefore it does not have 
contact with the shaft. It allows the use of a controller, as well. Wamba (3) and Wamba 
and Nordmann (4) uses such components to keep the vibration of a test rig in 
a acceptable level while Active Balancing Devices balances the system. 


These machines are subjected to uncertainties in its geometry and operating param- 
eters. These uncertainties must be modelled and included in the mathematical model 
of the problem. The Monte Carlo method can be used to evaluate the stochastic 
response, but it may have a high computational cost. Therefore, other method to 
evaluate the stochastic response is necessary. 


Wiener (5) first proposed the use of an orthogonal polynomial basis to propagate 
uncertainties. In his work, the stochastic solution considering Gaussian process was 
approached by a Hermite polynomials basis. Xiu and Karniadakis (6) expanded the 
concept developed by Wiener for non-Gaussian process, known as genelaized Polyno- 
mial Chaos Expansion (gPCE). The authors related hypergeometric orthogonal polyno- 
mials of the Askey scheme with some random variables. This correlation is made by 
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the weighting function of the orthogonality relation of each polynomial, for example 
Laguerre polynomials and gamma random variables. 


The use of the polynomial expansion resumes the problem into evaluate the expan- 
sions coefficients, which can be made by the Stochastic Collocation. This method uses 
pre-chosen nodes, evaluates the deterministic problem and the polynomials at these 
nodes and then uses the least square method to calculate the expansion coefficients. 


After the evaluation of the expansion coefficients, a statistical analysis can be directly 
carried out from them. Furthermore, a variance-based sensitivity analysis of the can 
be performed through the expansion coefficients as proposed by Sudret (7). The 
Sobol indices are evaluated directly from the expansion coefficients and the effects of 
the inputs uncertainties on the stochastic response can be measure. 


It is proposed the use of the generalized Polynomial Chaos Expansion to evaluate the sto- 
chastic response of a rotor system supported by two AMB’s. Uncertainties are considered 
in the AMB’s parameters and unbalance parameters. These uncertainties are modelled by 
Gausian distributions. Therefore, other methods as Kriging or a nonparametric one, such 
as Soize proposed (8), can evaluate the stochastic response faster than Monte Carlo 
methods. However, the gPCE allows the direct evaluation of the statistical moments of 
the response and the execution a sensitivity analysis. 


After the evaluation of the expansion coefficients, the simulated response considering 
the uncertainties are compared with experimental data. Then, a sensitivity analysis is 
performed. 


2 ROTOR SYSTEM 


The studied rotor system is a low-pressure shaft of a helicopter engine supported by 
two active magnetic bearings (AMB). The hollow shaft has 1100 mm with diameter of 
25 mm and wall thickness of 3,5 mm. There is a two turbine stages without the 
blades. The rotor system has three active balancing devices (ABD), which are not 
used in this work. The rotor system weights a total of 25.4 kg, taking in account the 
shaft, ABD’s and the turbine. The AMB’s act as actuators and sensors, measuring the 
radial displacements of the shaft inside of it in the vertical and horizontal directions. 
Figure 1 shows the test rig that contains the rotor system. In the experimental data 
and simulation results, the bearing nearer the motor drive is called bearing 1 and the 
one nearer the turbine is called bearing 2. The same test rig was used in the study of 
Wamba and Nordmann (4). 


2.1 Mathematical Model 

The rotor system is modelled by the finite element method. The gyroscopic, mass and 
stiffness equivalent matrices of the system are evaluated by the matrices presented in 
Nelson (2) using properties and dimensions of the rotor system. The damping is pro- 
portional to the stiffness, by a factor 0.0005. It is considered the unbalance force, 
AMB forces and the rotor weight as external forces. Therefore, the motion equation of 
the system has the form of eq. 1. 


[M] {4} + ([C] + @lG]) {a} + [K]{4} = {Fun} + {Fams} + {W} (1) 


In which, [M], [C], [G], [K] are, respectively, the mass, damping, gyroscopic and stiff- 
ness matrices, œ is the rotating speed, {ġ}, {¢},{q} are the acceleration, velocity and 
displacement of the degrees of freedom, {Fin} is the unbalance force, {Famp} is the 
AMB force and {W} is the weight. 
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Figure 1. Studied rotor system. 


2.1.1 Unbalance force 

The unbalance is one of the most common faults and it is modelled as a residual mass 
displaced from the rotating axis. The residual mass and eccentricity can be combined 
into one variable called unbalance moment me,,, and the phase is ôw». It adds a force 
in the system, which is formulation is presented by eq. 2. 


{Fun} = i \ = —Me unb ` 0° - { sin(e -£+ Gano) \ (2) 


A cos(@- t+ Ounb) 


2.1.2 AMB force 
According to eq. 3, the AMB forces is a function of the air gap between the shaft and 
the stator and the current passing through the bearing. 


{Fame} = [Ks] - {a} + [Ki] - {i} (3) 


In which, [K,] is the diagonal matrix with the equivalent stiffness of the AMB and [Kj] is 
the diagonal matrix with the current gain. The AMB adds a negative stiffness in the 
system, which make it unstable. Therefore, a control is needed to stabilize the 
system. The test rig already has a PID controller and its terms were used for the 
simulations. 


3 UNCERTAINTY ANALYSIS 


Uncertainties are assumed in the unbalance parameters and AMB parameters. There- 
fore, a stochastic method is needed. Due to the small number of uncertainties, the 
generalized Polynomial Chaos Expansion can be implemented. To achieve the conver- 
gence of the stochastic response, the gPCE requires less samples than a Monte Carlo 
method. Furthermore, from the expansion coefficients, a sensitivity analysis can be 
directly performed. 


3.1 Generalized polynomial chaos expansion 

Given a finite random space A, let 2 be a random variable of this space, with probability 
density function p(4). Lets the orthogonality condition of a set of orthogonal polyno- 
mials {®,,(A)} be: 
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and ômn is the Kronecker delta. 


Then, p in Equation 4 is the integration weight, which determines the type of the 
orthogonal polynomial set. For Gaussian distributed random variable, which will be 
used in this work, its pdf defines Hermite polynomials. 


To define a basis of orthogonal polynomial with maximum degree P in a N-variable 
random space the Equation 5 is use: 


Q xia : N+P 
Oi, = d pet M = dima) = ( N ) (5) 
The solution of the eq. 1 will be approach by: 
M 
q = qr 2) = X fm (x) Pm (A) (6) 


m=1 


The expansion coefficients @,,(x) are determinate through the least square method: 


q(x,') (2) Sul!) å, 
Sel A E al le @ 
q(x,/2) Bo (A2) By (22) a 


the node 2’. Different methods can be used to|pre-choose the nodes 2’, such Latin 
Hypercube Sampling, random samples, quadrature rules, etc. In this work, the sam- 
ples were equally spaced in the variable support. 


where q(q,') is r solution of eq. 1 and ©,,(2') bre polynomial m, both calculated at 
p 


3.2 Sensitivity analysis 

A global sensibility analysis can be carried out, the effects of each random input 
variable on the stochastic response can be evaluated. The Sobol indices provide 
accurate information for most models. Sudret (7) shows how to evaluate the indi- 
ces through generalized polynomial chaos expansion, using the expansion coeffi- 
cients. A brief description of the author's developments will be presented next. 


Let f(21,...,n) be a function with a scalar output and dependent on N independent 
random variables 4. The Sobol decomposition of f(A) into summand of increasing 
dimensions is: 


N 
San An =fo+ SOA) + SS fin dj) +--+ Aw, 4) (8) 
i=1 


1<i<j< 
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with fo as the mean value of the function and the integral of each summand over any of 
its variables is zero. The Sobol indices, s;, are defined as: 


Chad 
Sipai = (9) 
In which, o} are the partial variances. Therefore, the sum of all Sobol indices is 
equal to 1. 


The polynomial expansion can be reorganized as the Sobol decomposition and the 
sobol indices are calculated by: 


q; 
SPO = D pd (10) 


Si cig ON 
With 


= _ J, ie> OWE =1,...,N, KE (i1,.. 4) 
res eee a keli i) (11) 


Putting into words, č; corresponds to the polynomials that only depend on random 


variables 2,,...,A;. 


4 RESULTS 


Experimental data were collected from the test rig. The horizontal and vertical dis- 
placements of the shaft inside the two AMB were gathered. From (4), it is known that 
the first critical speed is around 1700rpm. Therefore, experimental data were col- 
lected at three rotating speeds: before, near and after the critical speed. The values of 
the rotating speeds are 1000, 1500, 2000 rpm. After the steady state were reached, 
1024 samples were gathered with 5,001-10~f s between each one, for a full time of 
0,51s. 


It is considered two cases for the simulations: one with uncertainties in the unbalance 
parameters and one with uncertainties in the AMB parameters. Table 1 presents the 
mean and standard deviation of the truncated Gaussian distribution considered for 
each parameter. According to (6), the Hermite polynomials will be used to evaluate 
the stochastic response for each case. A maximum degree of 3 is used, resulting in 10 
term of the expansion, and 100 samples equally spaced were used to evaluate the 
coefficients. 


Table 1. Mean and standard deviation considered. 


Parameters Standard deviation 
AMB Stiffness (N/m) 87,1-107 
Current gain (N/A) 21,4 


Unbalance moment (kg-m) 5-10° 


Phase (rad) 0,6 
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4.1 AMB parameters with uncertainties 

Figure 2 to Figure 4 presents the stochastic time response of the shaft inside each 
bearing. In each figure it is shown the experimental results, the mean of the stochastic 
response and the 95% confidence region. In all rotating speeds, the experimental 
data is within the confidence bounds majority of the time. Effects of higher harmonic 
components are observed in the experimental data, which can be better seen at 1000 
and 2000 rpm (Figure 2 and Figure 4). These effects are reduced at 1500 rpm due to 
the proximity to the critical speed, which excites the unbalance fault. At this speed, 
the experimental data is more like the stochastic response mean. 


4.2 Unbalance parameters 

Figure 5 to Figure 7 shows the stochastic time response of the shaft inside each bear- 
ing. Again, the 95% confidence region is presented. The confidence region is larger 
than the ones of the previous case. Therefore, the variance of the unbalance uncer- 
tainties has more effects in the variance of the response than the AMB parameters 
uncertainties. The experimental response is almost entirely inside the confidence 
bounds, even with the higher harmonic components’ effects. 
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Figure 2. Displacements inside the AMB’s at 1000 rpm with AMB uncertain- 
ties; horizontal (a) and vertical (b) directions of bearing 1; horizontal (c) and 
vertical (d) directions of bearing 2. 


Even with few terms, the polynomial approach can approximate the stochastic response 
of the system. The considered uncertainties do not predict the exact behaviour of the 
rotor machine. However, the stochastic response fully covers the experimental response. 
Therefore, the stochastic model could be used to simulate the test rig. 


4.3 Sensitivity analysis 

For each case, the Sobol indices were evaluated from the expansion coefficients. Table 2 
presents the indices for each case. The indices are similar in all rotating speeds. For the 
unbalance parameters, the unbalance moment has a higher influence in the variance of 
the stochastic response. For the AMB parameters, both has a similar influence in the sto- 
chastic response, with the current gain slightly higher. 
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Figure 3. Displacements inside the AMB’s at 1500 rpm with AMB uncertain- 
ties; horizontal (a) and vertical (b) directions of bearing 1; horizontal (c) and 
vertical (d) directions of bearing 2. 
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Figure 4. Displacements inside the AMB’s at 2000 rpm with AMB uncertain- 
ties; horizontal (a) and vertical (b) directions of bearing 1; horizontal (c) and 
vertical (d) directions of bearing 2. 
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Table 2. Sobol indices for each case. 


1000 rpm 


1500 rpm 


2000 rpm 


0,73 


0,77 


0,75 


0,26 


0,23 


0,24 


0,01 


0,00 


0,01 


In future analysis of this test rig configuration, uncertainties in the unbalance phase 
may be neglected and just the unbalance moment is considerer uncertain. The uncer- 
tainties of the AMB parameters has similar effects and both should be considered. 


5 CONCLUSION 


The stochastic time response of a rotor supported by AMB’s was analysed. The AMB’s 
were inserted in the model as a negative stiffness and a magnetic force. It was con- 
sidered two cases, one with uncertainties in the AMB parameters and another with 
uncertainties in the unbalance force parameters. To evaluate the stochastic response, 
the generalized Polynomial Chaos Expansion was implemented, and the expansion 
coefficients were estimated by a least square method. 


The stiffness and the current gain of the AMB model and unbalance moment and 
phase of the unbalance force were considered with uncertainties. They were model by 
truncated Gaussian distributions and the Hermite polynomials were used to build the 
polynomial basis. It was collected experimental data in three different rotating 
speeds, before, near and after the first critical speed. Then the simulated stochastic 
responses were compared to the experimental time responses and a sensitivity ana- 
lysis is performed. 


For the case with uncertainties in the AMB parameters, a good part of the experimen- 
tal data was inside the 95% confidence bound in all three rotating speeds. The experi- 
mental data presented higher harmonic components, which effects were decreased 
when near the first critical speed. Even though, the stochastic model presented satis- 
factory results. 


When the uncertainties were considered in the unbalance force, a larger confidence 
region is observed. Therefore, the unbalance force uncertainties have a higher influ- 
ence in the variance of the stochastic response than the AMB uncertainties. However, 
this makes the experimental data almost entirely inside the confidence bound. 


The global sensibility analysis through Sobol indices presents a higher influence of the 
unbalance moment than the phase in the stochastic time response. For the AMB 
parameters, the values are similar with the current gain slightly higher than the 
stiffness. 


The results of the gPCE are satisfactory and shows that this method can be used to 
simulate the stochastic response of a rotor supported by AMB’s. For future work, the 
uncertainties of the AMB and unbalance fault will be estimated by the Bayesian Infer- 
ence with gPCE approximation. And a new sensitivity analysis will be performed to 
check if it is relevant to consider the uncertainties of the AMB in future models. 
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Figure 5. Displacements inside the AMB’s at 1000 rpm with unbalance uncer- 
tainties; horizontal (a) and vertical (b) directions of bearing 1; horizontal (c) 
and vertical (d) directions of bearing 2. 
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Figure 6. Displacements inside the AMB’s at 1500 rpm with unbalance uncer- 
tainties; horizontal (a) and vertical (b) directions of bearing 1; horizontal (c) 
and vertical (d) directions of bearing 2. 
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Figure 7. Displacements inside the AMB’s at 2000 rpm with unbalance uncer- 
tainties; horizontal (a) and vertical (b) directions of bearing 1; horizontal (c) 


and vertical (d) directions of bearing 2. 
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ABSTRACT 


Low-stiffness-induced vibration in industrial robots is problematic especially for 
robotic machining processes. In robotic milling, the spindle may experience chatter 
with varying characteristics under different working conditions, leading to unsatisfac- 
tory surface finishes. Active vibration control using robust controllers may therefore 
be an ideal solution for chatter suppression. This paper demonstrates that with two 
inertia actuators and one accelerometer attached near the spindle, on the robot, chat- 
ter suppression may be achieved using simple yet powerful H» controllers with feed- 
back of measured accelerations. The implementation of the controller follows 
a procedure, including characterisation and model identification of the robot system 
dynamics, selection of weighting functions, H, synthesis and controller verification. 
Robotic milling tests of an aluminium block using a KUKA KR120R2500 PRO robot 
were performed to show that the designed H,, controller targets a low chatter fre- 
quency around 26 Hz and reduces vibration by up to 80%. The surface finishes with 
and without active chatter suppression are compared, confirming an improvement of 
over 60% in the surface roughness. The proposed active chatter suppression could 
benefit large volume manufacturing, where the system dynamics change during the 
operation. 


1 INTRODUCTION 


Robotic machining systems feature low costs, versatility, small footprints and large 
volume manufacturing capability compared with conventional machining systems. 
However, serial-link robots have relatively low mechanical stiffness and are therefore 
prone to experience machining induced vibrations. Therefore, their practical applica- 
tions are hindered unless effective vibration suppression is achieved for precision 
machining. 


Passive dynamic vibration absorbers (DVAs) are used as one common approach for 
vibration suppression, which transfer the energy of vibration to the absorber at its 
natural frequency. While classic DVAs are effective only around a narrow frequency 
band, modern semi-active and active DVAs offer controllable damping and/or stiff- 
ness [1, 2] and are capable of tracking and adapting to vibration frequency bands. 
Applications of DVAs cover a wide range such as in conventional machining systems 
[3, 4, 5, 6]. However, only a few DVAs are used for vibration absorption in robot 
machining systems. It has been shown that a magnetorheological elastomer-based 
semi-active DVA could be used to suppress chatter frequencies ranging from 7 to 20 
Hz in robotic milling [7]; similarly, eddy current dampers (ECDs) have been used to 
improve damping properties and attenuate vibration in robotic polishing [8] and 
robotic milling [9]. DVAs and ECDs are proved to be effective when the dynamics of 
the system remain unchanged. However, these devices have to be designed and fab- 
ricated to target particular frequencies and dynamic modes of a system. It is difficult 
to operate these devices when a robot operates in different poses with variable 
modal characteristics. 
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Other approaches have been developed specifically for vibration suppression in 
robotic machining including optimising the system structure [10], the robot config- 
uration and trajectory planning [11, 12], spindle speed [13], and tool path and feed 
rate [14, 15]. These approaches are promising, but reply heavily on prior experi- 
ments and calculations, making implementations difficult. Furthermore, they must 
adapt to changes in machining configurations, therefore may not be applicable 
under all working conditions. In contrast, active vibration control does not have 
such limitations and has the potential to suppress vibrations with broader attenu- 
ation frequency bands [16, 17]. In a robotic machining system with relatively low 
stiffness, this control method offers a solution to cope with the changing dynamics 
of the system. 


This work furthers the development by using a pair of inertial actuators for compre- 
hensive vibration suppression in robotic milling. H» controllers are designed with 
acceleration feedback, which are tested in eccentric mass experiments and milling 
experiments to demonstrate effective vibration reduction under different working 
conditions. 
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Figure 1. (a) Experimental set-up of the robot end effector and on the base 
plate. (b) Frequency response of the inertial actuator. 


2 EXPERIMENTAL SET-UP 


Figure 1(a) shows the experimental set-up. On the end effector of the robot, two iner- 
tial actuators, each consisting of one voice coil actuator (from H2W Technologies™) 
and one moving mass), were mounted and aligned in Directions X and Z next to the 
spindle. An accelerometer (from DJB™) was mounted on the back face of the end 
effector. On the base plate, a workpiece was mounted on the top of a force transducer 
(from Kistler™). All data acquisition, feedback and controller implementation were 
routed through a processor (from dSPACE™). 


In milling, the spindle experiences forces as the rotating tool cuts the workpiece, con- 
sisting of a basic synchronous frequency, other harmonics and modal frequencies. 
Tests with an eccentric mass attached to the spindle may be used for inertial controller 
performance. In this paper, a voice coil actuator was used as the oscillator because of 
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its broad bandwidth. Experiments were carried out to find relationships between actu- 
ation force outputs and driving voltages of inertial actuators, showing frequency 
responses over 20 -120 Hz, as in Figure 1(b), and a natural frequency at 14 Hz (not 


shown). 


Table 1. Configurations of robot joints at pose 0, evaluated for models 


Joint No. 


used for controller design. 


Pose 0 


Workpiece 


Table 2. Milling parameters. 


Aluminium block (100 mm x100 mm x 20 mm) 


Tool 


6 mm 3 flute end milling cutter 


Machining type 


climb milling 


Coolant 


None 


Depth of cut 


3mm 


Width of cut 


0.5mm 


Spindle speed 


1720 rev/min 


Feed rate 


1 mm/s 


Path length 


100 mm 
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Figure 2. Measured cutting forces in directions X and Z from a milling test 
with chatter. (a) In the time domain, and (b) In the frequency domain. 
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Figure 3. Configuration of poses 1-8 for fixed pose characterisation. Red 
dotted lines mark two regions of the workpiece in milling experiments. 


3 MEASUREMENT OF MACHINING FORCES 


With a particular pose of the robot (as in Table 1) and a machining trajectory in the 
Direction Z, it was observed that the robot system experienced mode coupling chatter 
in milling experiments with the parameters listed in Table 2. Figure 2(a) shows the 
workpiece experience larger machining forces measured in Direction X compared with 
those in Direction Z and a low frequency modulation in the amplitudes of the machin- 
ing forces in both directions. Figure 2(b) shows multiple frequency components super- 
imposed predominately around 27 Hz, which are associated with the spindle rotational 
frequency at 28 Hz and a robot natural frequency at 26 Hz. Compared with vibrations 
at higher frequencies, these frequency components contribute the most to the move- 
ment of the spindle, therefore they need to be suppressed. 


4 SYSTEM CHARACTERISATION 


System identification was undertaken for the robot system, by establishing the rela- 
tionships between the driving voltages, V, and V2, applied to the inertial actuators and 
the measured accelerations, Ay and 4z, in Directions X and Z. While in practice 
a milling process may be carried out around a fixed pose of the robot system, vibration 
suppression may need to cover a small or large work domain depending on the config- 
uration of the process. Therefore, it is important to identify the variation in dynamics 
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Figure 4. Evaluated frequency responses and identified models at Pose 0 in 
directions X and Z. 
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of the robot system within the specified work space. This working condition is typical 
for large volume manufacturing, which was taken into consideration by performing 
milling tests on small workpieces at two different poses in the X-Z plane, one close to 
and one away from the specified fixed pose. The first pose was defined as Pose 0, 
where the configuration of robot joints is listed in Table 1; the second pose was defined 
where the system dynamics of the robot system change the most within a work plane 
of 500 mmx 500 mm. 


The robot system was characterised experimentally over 8 fixed poses as shown in 
Figure 3, covering a 500 mm x 500 mm work plane that is centred at the configur- 
ation of the robot as listed in Table 1. At each fixed pose, the robot system was 
excited using one inertial actuator at a time, with a chirp sequence over the fre- 
quency range 20-120 Hz over 60 seconds, to find the characteristic that corresponds 
to the axial actuation in each direction. It is assumed that the coupling effect is neg- 
ligible in general. Identified system dynamics are designated by the transfer func- 
tion Ge. wgs) where the superscripts correspond with model-fitted from 
measurement data (m) or based on unprocessed measurement data (d). System 
dynamics at Pose 0 were then evaluated based on dynamics at 4 neighbouring grid 
points as 


{m.d} _ 1 (gma {ma} {m.d} {m.d} 
Goose 0, xal s)= 4 (aims 1, {XZ} (s) + Ge 2, {X,Z} (s) + Gores 3, wgl) +G a 4, wgl s)) (1) 


Total additive uncertainties, A sse, {xz}; in system identification between each pose 
and pose 0 were evaluated in terms of modelling error, Apose#, {xz} ($), and measurement 
error (i.e. variations in system dynamics), Ay,..u, {xz} ($) and as 


Aposeg, (x,2}(8) = Aposeg, xz (S) + Mposext, (xz (5) (2) 

where 
Nosed, xzy(s Been wzgl s)= Grose 0, REO] (3) 
Aaa x, z (S )= |c ‘pose #, {X, zls — Gi pse 0, {XZ} (s)| (4) 


Figure 4 Shows evaluated frequency responses at Pose 0. An 8" order and a 6" order 
transfer function were identified for system dynamics in Directions X and Z, corres- 
pondingly. Both frequency responses have similar curve shapes but with different 
scales. Resonance in both cases peaks occurs at 26 Hz. The frequency response in Dir- 
ection X is over 10 times higher in magnitude compared with that in Direction Z. Given 
that the inertial actuators and their amplifiers are almost identical, it confirms that the 
robot system has significantly lower stiffness, therefore more susceptible to vibra- 
tions, in Direction X. 
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Figure 5. Measured frequency responses at poses 5-8. (a) in direction x, and 
(b) in direction Z. 
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Figure 6. Additive uncertainties that are associated with characteristics of 
the robot system at pose 6. (a) in direction x, and (b) in direction Z. 


Figure 5 shows measured characteristics of the robot system at 4 corners of the 
specified work plane. Variations in system dynamics are associated with a natural 
frequency of the robot system around 26 Hz. Figure 6 shows differences in system 
dynamics that is maximised at Pose 6 relative to Pose 0. Pose 6 is therefore defined 
as the second pose for performing milling experiments. Because fitted models are 
accurate, the additive uncertainties in modelling, Ay. #, {x.z} is small compared with 
that in measurement, Ay... » {xz} AS for the total additive uncertainty, Asse vz} 
maxima of 24.5 and 9.5 occurred at 26 Hz in Directions X and Z respectively, indi- 
cating the highest variation in system dynamics is at a resonance of the robot 


system. 


220 


5 CONTROLLER DESIGN 


In this work, H. controllers were synthesized in MATLAB based on identified system 
models and selected weighting functions that were designed separately for two inertial 
actuators, using the same equations but different coefficients as 


Table 3. Configurations of H, controllers. Parameter tuning excludes the 
calibration factor of 5g in acceleration measurement. 


Table 4. Measured vibration reduction in eccentric mass experiment, with 
a spindle speed of 1,580 RPM. 


Pose No. | Residual vibration in % [X/Z] 
22%/12% 

42%/14% 

28%/22% 

34%/9% 

28%/11% 


2 2 
TS 1 {XZ} 
W = 5 
1{X,Z} = W1,{x,2Z} (= a 7) (3 ifs Wlipyz}@1,(x.2)8 4 med ( ) 
Wa {xz} = Wr {x2} (6) 
where 

1 ; 

t= Taf.’ @1 {xz} = Afi {xz} (7) 


In Wi 4x2}, wi{xz is the gain of W, that determines vibration reduction performance of 


2 
the H, controller; the first term, (=) , is a second-order high-pass filter that protect 


actuators from responding to low frequency noises with a cut-off frequency, fe; 
the second term, Gam ee) defines the attenuation frequency band with 


PAW x 7) O1 (x, Z)SFOL XZ} 
a damping coefficient, ¢),z}, and a natural frequency, fi {xz}, which was chosen to be 
a narrow band around the natural frequency of the robot system. Wz {xz}, was designed 
to be a constant to include all additive uncertainties in modelling and characteristics of 
the robot system. The weighting function 3,7, was therefore set to zero. Table 3 
shows the tuned parameters for weighting functions. It was set with expected vibration 
reduction of about 80% while all actuations are within stroke limits of inertial actuators. 
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6 ECCENTRIC MASS EXPERIMENTS 


H., controllers were tested in eccentric mass experiments with a spindle speed of 1,580 
RPM, the natural frequency of the robot system, at Pose 0 and four corners of the work 
plane. Table 4 shows that Ha controllers suppress vibrations down to 20% in Direction X 
at all poses. The worst performance was found at Pose 6, where residual vibration was 
measured to be 42% in Direction X. This observation agrees with results in system identi- 
fication since Pose 6 has the largest variation in system relative to Pose 0. 
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Figure 7. Acceleration measurement in direction X during milling test at 
pose 0. (a) In the time domain, and (b) In the frequency domain. The red 
dotted line marks the application of H„ control. 
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Figure 8. Acceleration measurement in direction X during milling test at pose 
6. (a) In the time domain, and (b) In the frequency domain. The red dotted 
line marks application of H,, control. 


7 MILLING EXPERIMENTS 


Milling experiments were performed with vibration suppression using H, controllers 
around Pose 0 and Pose 6. At Pose 0, Figure 7(a) shows measured accelerations in Dir- 
ection X with H, controllers applied from t=5s. When uncontrolled, a modulation 
effect is observed in accelerations with an overall amplitude of 2 m/s2. With vibration 
control using H., controllers, the modulation effect is suppressed, reducing the overall 
amplitude of acceleration to 0.7 m/s”. Figure 7(b) shows the frequency component at 
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26 Hz was suppressed completely and the frequency component at 27 Hz, the sub- 
harmonic of cutting frequency, was reduced down to 60%. Figure 8 shows that at Pose 
6, same milling exhibits a single dominant frequency component at 27 Hz. H» control- 
lers reduced the overall amplitude of acceleration by 75% within 1 second. Figure 9 
shows corresponding force measurements from milling experiments at Pose 0 and 
Pose 6. With or without the mode coupling chatter, machining forces are halved due to 
vibration suppression using H, controllers. 
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Figure 9. Force measurement in direction X during milling test. (a) At pose 0, 
and (b) At pose 6. 
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Figure 10. Surface profiles of milled surfaces that are milled (a) At Pose 0, 
and (b) At pose 6. Recorded photos during the milling experiment at Pose 0, 
(c) Uncontrolled, and (d) With H„ control. (milling occurred from the left 
side to the right side). 
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Changes in motion of the end effector also are reflected in surface finishes in these 
milling processes. Figures 10(a) and 10(b) show profiles of surfaces that were milled 
at Pose 0 and Pose 6, with vibration suppression applied on the second half of surfaces. 
At Pose 0, because H,, controllers suppress the modulation effect completely along 
with the resonance of the robot system, chatter marks are removed from the surface, 
reducing RMS surface waviness by 85% from 16.3 um to 2.4 um. At Pose 6, because 
same milling process does not cause resonance of the robot system and the modula- 
tion effect, using H. controllers does not affect the surface waviness. Moreover, Figures 
10(a) and 10(b) also show that vibration suppression also corrects the dimensional 
error of milled surfaces in both cases by reducing the offset between milled surfaces 
and tool paths. At Pose 0 and Pose 6, the surface is 40um higher when using H, con- 
trollers than that without any control. Figures 10(c) and 10(d) show photos taken on 
these surfaces, where such changes in surface waviness and surface level are visible. 


8 CONCLUSIONS 


This work proposes the use of H, controllers to cope with the change in dynamics of 
a robot system for chatter suppression in robotic milling. The controller design is 
based on experimentally identified models of the robot system at one fixed pose and 
selected weighting functions that treat modelling errors and variations in dynamics of 
the robot system at different poses as additive uncertainties. H, controllers were 
designed to supress vibration at the natural frequency of the robot system over 
a relatively large work plane; their performance characteristics were evaluated in 
eccentric mass experiments and milling experiments. 


The robot system was found to have various stiffness within the defined work plane, is 
therefore more susceptible to vibration in one direction than that in another. Between 
different configurations of the robot system, variations in system dynamics were associ- 
ated mostly with its natural frequency at 26 Hz, affecting any milling processes with sub- 
harmonics at similar frequencies. In eccentric mass experiments, H.,controllers reduced 
vibration by 58-80%. In milling experiments, it was found that same milling process 
may or may not cause mode coupling chatter, depending on the pose of the robot 
system. When model coupling chatter occurs, because the sub-harmonic of milling and 
resonance have similar frequencies, superimposition of these frequency components 
causes a modulation effect in motion of the end effector and produces chatter marks on 
workpieces. H„ controllers were able to suppress the resonance of the robot system 
completely, removing chatter marks on workpieces and reducing surface waviness of 
milled surfaces by over 85%. In addition, effective vibration reduction using H., control- 
lers also corrected dimensional errors by 40 um regardless of the occurrence of mode 
coupling chatter because of reduced offsets between milled surfaces and tool paths. 
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ABSTRACT 


The paper presents a medium fidelity reduced ordered numerical model for the calcu- 
lation of aeroelastic stability diagram of 3D blade cascade of low pressure stage of 
steam turbine. The aeroelastic stability in steam turbine blades are calculated for the 
classical flutter problem. The calculation of the stability diagram for the problem of 
classical flutter is evaluated with assumption of running waves. Running waves will be 
simulated by the inter-blade phase shift approach between the blades in the cascade. 
Panel method based boundary element type flow solver is employed for calculation of 
unsteady aerodynamic forces and model the flow flied. This method is good comprom- 
ise of speed and accuracy for the estimation of the stability of the blades on a classical 
flutter. The estimated results are compared with experimental and the high fidelity 
computational fluid dynamic model data. 


1 INTRODUCTION 


To tap more energy from the high volume steam produced in modern day’s power sta- 
tion, larger steam turbines are now being installed. To ensure the safety and the aero- 
elastic stability in these modern day’s large power turbine is a major design challenge, 
because the larger rotor blades of these machines have greater tendency towards flow 
induced mechanical vibration or flutter. In the large steam turbine assembly particu- 
larly in the low pressure (LP) rotor stage the classical flutter or low amplitude and low 
frequency flow induced vibration is one of the frequently occurring and dominating 
aeroelastic stability issue. Therefore, it need to be addressed carefully in the prelimin- 
ary design stage of the turbomachinery system. Therefore, the study of aeroelastic 
stability in power turbine remains an active research topic for researchers and engin- 
eers in past and recent years [1, 2] to ensure uninterrupted and safe power production 
in power plants. One of the parameters which dominates the aeroelastic stability is 
aerodynamic damping (AD) of the rotor blade system. Especially for the steam tur- 
bine’s long and thinner blades where material damping is limited, therefore, the 
damping from the surrounding fluid is the main damping contributor. This leads to 
more detail design study on aerodynamic damping. A fair amount of design iterations 
may be required to optimize the blade geometry and the arrangement of blade cas- 
cade for aeroelastic stability in a short period of time. 


Due to higher cost and longer time involved in the experimental process, at the pre- 
liminary design stage the numerical modeling and simulations are preferred over 
physical experimental model, for design iteration to save both time and money. For 
the numerical modeling purpose, in present days there are well developed Navier- 
Stokes based computational fluid dynamics and structural dynamics or in short (CFD- 
CSD) models available. However, they are computationally very expensive, especially 
fluid solver part takes large amount of computational time in CFD-CSD type numerical 
modeling. Furthermore, it also demands highly skilled manpower and large supercom- 
puters which dose not come very cheap either. Therefore, in this research work 
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a medium fidelity reduced ordered aeroelastic numerical tool is developed to analyze 
the aerodynamic stability for low amplitude and low frequency flutter problem in 
steam turbine’s LP stage. The main characters of this new approach will include com- 
putationally cheap and easy to adopt for the complex geometries. Therefore, in the 
present research paper application of computationally less expensive boundary elem- 
ent based flow solver is developed to model the flow in low pressure (LP) turbine 
region and to estimate the aeroelastic stability parameters e.g. aerodynamics damp- 
ing for the blade cascade. The boundary element method e.g. panel method (PM) is 
one of the such method and it is first proposed by Hess and Smith [3] to model the 
lifting and non-lifting potential flow around slender bodies. PM methods are good com- 
promise of speed and accuracy. Moreover, PM can be used for complex geometry 
unless the flow fulfill the criteria of potential flow and without separation which is the 
case of classical flutter or low amplitude low frequency flutter. However, modified PM 
can be used for the separated flow case [4]. These methods are widely adopted for 
aeroelastic modeling of wind turbines, helicopter rotors, and aircraft aeroelasticity 
[5]. The more details about theoretical and numerical implementation can be found in 
Katz and Plotkin [6]. However, instead of great potential of the PM to be used in LP tur- 
bine aeroelasticity very few researchers have used it in cascade aeroelastic modeling. 
An improved version of PM is used by [7, 8] for 2D cascade design and flow modeling, 
in this work only pressure distribution is estimated, whereas [9] the similar technique 
to estimate the aeroelastic stability parameters is used, but in this work only camber 
surface of the blade is modeled not the actual geometry. Therefore, in the present 
research work 3D surface PM is adopted which can model real geometry of the blade 
cascade. To estimate the aerodynamic damping, the most common method is travel- 
ing/running wave mode (TWM) method and less known aerodynamic influence coeffi- 
cient (AIC) method [10, 11]. The TWM method is used by many research to estimate 
the aerodynamic damping for vibrating cascade. The estimated aerodynamic damping 
using either of the methods are theoretically identical. For the present research work 
TWM method is adopted because it is more representative to actual vibration pattern 
in the power turbine rotor. A detail explanation of both the methods can be found in 
Fransson [10]. The estimation of AD in TWM using panel method in 2D case is also 
adopted by [12]. 


Apart from the reduced order flow solver the structural part of the aeroelastic tool is 
reduced by modal model approach and calculated from full FEM model of rotating tur- 
bine bladed disk with long blades. For the fluid structure coupling a partitioned based 
coupling strategy is used where flow solver (PM) is loosely coupled with kinematic 
motion prescribed by harmonic motion of the selected mode. 


2 UNSTEADY 3D SURFACE PANEL METHOD FOR FLOW MODELLING 


3D Surface panel methods solve the attached flow around lifting and non-lifting sur- 
faces using the potential flow assumptions, which are 1) flow field is inviscid (Viscosity 
(n) = 0) and 2) irrotational (x/ = 0). The rectangular singularity panel elements are 
placed on the entire solid surface and in the wake, these singularity elements are the 
known solutions to Laplace’s equation (1). 


#0, go #0 


070,92) =>-+5-+—>, 
(92) =a tat Be, 


(1) 


where (x,y,z) is the scalar velocity potential and it is function of (x,y,z) such that 
(Č = VY). Apart from singularity distributions appropriate boundary conditions are 
required, to find the unique solution of Laplace’s equation (1), The required BCs are, 
(1) enforcing the impermeability flow at solid or a fixed normal flow condition (V®.n = 
V.n = 0), (2) Far field: The disturbance created by the singularities on the body and 
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wake must disappear at infinity (lim V(¢— ¢.)). (3) the Kutta condition and Kelvin’s 


theorem, are imposed in order to obtain a complete description of the flow field and 
the resulting aerodynamic loads. The pressure field (p) is then obtained solving the 
unsteady Bernoulli’s equation (2) 


2 
7 T u = const. (2) 
In the PM to construct the flow field and find the solution of the field variables, singu- 
larity panel elements are placed over the upper and lower surface of the wing and in 


the wake as shown in the Figure 1. 


Figure 1. 3D unsteady Panel method discretization scheme using BEM. 


Each wing panel includes a constant strength source (0) and a doublet (u) distribution 
while the wake panels feature only doublet panels because the wake do not carry any 
aerodynamic load. Boundary conditions are imposed on control points lying on the 
mid-point of each panel, figure 1. In figure 1 the flow field around an isolated 3D wing 
is modeled using unsteady surface PM. A typical surface singularity element is high- 
lighted in the left. The collocation point is at center of the rectangular panel where tan- 
gents tx, ty and normal (n) are defined. The time varying wake panel only contains 
doublet singularity elements, because wake do not carry any load. More detailed dis- 
cussion on numerical implementation and estimation of the aerodynamic loads can be 
found in Katz and Plotkin [6]. Also the analytical solution of induced potential for the 
3D constant strength source and doublet singularity element is given in the Katz and 
Plotkin [6]. 


The above-mentioned boundary conditions are imposed in order to find the unknown 
perturbation potential at each collocation point on the wing and on the wake panel’s 
corner points. Katz and Plotkin [6] show that the induced potential at any point can be 
estimated by applying of Green’s identities on the close surface around wing and wake 
surface, in the present formulation internal Dirichlet boundary condition is used, 
therefore, the potential induced at point P can be written as 


1 1 1 1 1 1 

Ta | yn: v(e a= | o( i) as Fir | Hyn: v(e =0, (3) 
Shody Sbody Swake 

where pp is the strength of the body doublet distribution, o the strength of the source 


distribution and uw the strength of the wake doublet distribution, while r = |r|. The 
Eq. 3 with three unknowns, Hp, O and uw. The Eq. 3 is itself integral form and cannot 


228 


be solved for a general blade geometry. Therefore, the solution is to discretize the 
geometry, as discussed earlier, and replace the integrals by algebraic sums, and apply 
Eq. 3 to the control point of each panel, such that 


Ap, + Bo + Cn, = 0, (4) 


where pp = [pb ... Ubyb]" is the vector of the unknown doublet strengths of the body 
surface panels, ob = [o1 ... GN,]' is the vector of the unknown source strengths of the 
body surface panels, uw = [w1 ... UWnw]' is the vector of the unknown doublet 
strengths of the wake panels, Nb is the number of body panels, Nw is the number of 
wake panels and A, B, C are influence coefficient matrices. More details about solution 
of Eq. 4 can be found in [6]. The solution of Eq. 4 for each collocation points give the 
values of three unknowns, Hp, © and uw. Once the perturbation potential or unknown 
Hb is known, the unsteady pressure coefficient can be calculated using instantaneous 
Bernoulli’s equation and given as 


« Qa 2 ôu 
čp (x,y, t) = 1 -O a (5) 


where 


Orotai = Viocal—kinematic a perturbation 


More detail discussion on numerical implementation to estimate the aerodynamic 
loads can be found in [6]. Also the analytical solution for the 3D constant strength 
source (0) and doublet (u) singularity element is given in the [6]. 


3 MODAL MODEL FROM FULL 3D FEM BLADE MODEL 


In order to calculate the classical flutter, the mode shapes and the position of the 
blade is extracted from the FEM modal analysis in the present approach. The flow 
solver is not directly coupled with any structural solver. Therefore, the amplitude, 
mode shape and the frequency of oscillation is extracted from the modal analysis of 
the 3D cascade and fed into the flow solver as input at each time step. To further 
reduce the computational time, the modal model reduction technique is applied, 
where, only few point is selected on the blade profile in the complete FEM model 
where the number or elements are way higher. The points are selected such a way 
that it should not compromise the accuracy of the real model with higher numbers of 
elements, and thus, the mode shapes and the displacement and frequency is mapped 
and fed to the flow solver for the aeroelastic computation. The method to extract 
mode shapes, frequency and the displacement from real blade geometry FEM model 
analysis is presented below. The rotor blade is used in one of the multi megawatt 
steam turbine produced by Doosan Skoda power s.r.o. 


3.1 Methodology for easy data extraction for flow solver from structural 
modal model 

The original geometry of the blade was specified by 100 points in the 32 cross- 
sections (called profiles). Profiles describe the blade along its height (z-coordinate). 
The edge points of the blade were determined as 50th and ith points, respectively, of 
each profile. The FE model geometry of the blade with detected edge nodes (black cir- 
cles) of leading and trailing edges of the blade profiles are in the Figure 2. Red crosses 
show next the detected edge nodes at 8 cross-sections along the height of the blade 
which were chosen for this study case. 
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By detecting the edge nodes, i.e. their node numbers of the computational model, we 
can associate their displacements from the modal data. Their displacements than can 
be used for calculation of profile displacement and its rotation (figure 3). The profile 
motion is associated with the leading edge displacements u_x, u_y of x1,yi to x2,y2 
coordinate system translation and rotation of the profile by angle ® from x2, y2 to X1, Yı 
coordinate system with respect to the leading edge. Angle ® was calculated by formula 
for scalar product of the vectors LE and L'E’. 


FE blade model and detected edge nodes 


yim 
xin 


Figure 2. Transposed FE model 
geometry of the blade -with 


detected nodes (red crosses) of Figure 3. Definition of fundamental 
leading and trailing edges of the motions (u_x, u_y displacements and 
blade. o angle) of the profile. 


The two dominant mode shapes, i.e. one bending and torsional, are selected for FSI 
simulation from the FEM modal analysis. The amplitude of motion scaled up by the 
scale factor five for the display purposes. The corresponding mode shapes are given in 
the figure 4. 


Modal mode and detected edge nodes 


a: Bending mode b: Torsional mode 


Figure 4. Modal mode with detected edge nodes (red crosses). Dashed lines 
depict the edge lines of unreformed geometry of the blade. (a: bending 
mode) and (b: torsional mode). 
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4 CALCULATION OF AERODYNAMIC DAMPING IN THE CASCADE 


For the calculation of aerodynamic damping similar approach is adopted as described 
by Vogt [14], and brief description of the method is presented here. The balance 
between the structure and aerodynamic forces in the system is represented by the 
aeroelastic Eq. 6, Vogt [14]. 


[M] {x} + [G] {x} + [K] {x} = {Faa(t)} a { Faisturbance(t) R Feaamping(t) } (6) 


where [M], [G], and [K] are the modal mass, modal damping and modal stiffness mat- 
rices respectively, X represents the modal coordinate vector and finally Fad(t) is the 
modal unsteady aerodynamic force vector which contains two terms: Fdisturbance(t) that 
includes the aerodynamic disturbances upstream and downstream of the blade and 
Faamping(t) Which represents the aerodynamic damping resulting from the interaction 
between the blade and the flow. For flutter analysis, only the aerodynamic forces due 
to the vibration of the blade are considered resulting in Fyisturbancecty) = 0 and above Eq. 
6 can be simplified into below Eq. 7 


[M]{X} + [G]{X} + [K]{X} = {Faamping(t)} (7) 


The solution of the above equation Eq.7 allows the determination of the aerodynamic 
damping and thus the aeroelastic stability of the system. There are different numerical 
methods can be used to approximate the aerodynamic characteristics of the system. 
One of them is “Time Linearized Method” assumes that the unsteady perturbations in 
the flow are small compared with the mean flow. Then the unsteady flow can be 
approximated by small harmonic perturbations around a mean value. Verdon [11] 
shows that for the small perturbation the unsteady pressure due to harmonic motion 
can be represented as harmonic oscillation with respect to the blade around a time 
averaged steady value and can be given as 


p(y, i) = P(x») + (x,y, 1) = py) + pelt), (8) 


where p(x,y) is the steady mean pressure at an arbitrary location, p(x,y,t) the respective 
unsteady perturbation pressure and f the amplitude of complex pressure due to har- 
monic oscillation. The harmonic nature of the perturbation unsteady pressure conse- 
quently results in harmonic unsteady aerodynamic forces, therefore, can be written by 
Eq. 9 


P= F ellotte a) 1 (9) 


And thus, the work per oscillation cycle (T) can obtained by integrating the force and 
motion during the cycle and can be given by Eq. 10 


AA nA 
Woe -| Fhdt= | Fh edt, (10) 
T E 


where Å is the complex motion of the cascade blade. In the present case only pitching 
motion of the cascade blade is analyzed therefore, it is corresponding to torsion 
motion. In the present research work potential flow based PM method is used as 
a linearized flow equations assuming the small unsteady perturbation. TWM method 
with principle of linear superimposition is used to estimate the aerodynamic damping 
[13]. Using unsteady PM along with principle of superimposition p(x, y, t) is estimated 
on the reference blade which also includes the effect of other blades in the cascade. 
More details discussion about principle of superimposition can be found in [6]. 
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Therefore, aerodynamic damping parameter is given by work done per cycle and nor- 
malized by n and amplitude of oscillation “A” and is given in Eq. 11 


Weycle 


Aerodynamic — damping(=) = — vo (11) 
T 
The positive value of = indicates the flow acting in stabilizing manner whereas nega- 


tive value can cause flutter, therefore, unstable. 


5 TEST CASES FOR THE AERODYNAMIC DAMPING IN THE 3D CASCADE 


In this section, description of the experimental and numerical test case is presented. 
A brief description of experimental measurement and validation of the numerical 
results are documented here. The detail discussion of the numerical results validation 
is also the part of this section. At the first step the newly developed BEM PM based flow 
solver is employed to estimate the AD in the linear cascade test case performed in KTH 
university [14]. In the second step, the same method is used for the estimation of 
the AD for the Doosan Skoda Power s.r.o blade’s bundle. 


1% Test case description: For the experimental test case a non-rotating 3D annular 
cascade section is selected. The experiment is carried in KTH university’s turbomacin- 
ery test facility by Vogt [14] in 2005. The annular cascade is consisting of 7 blades and 
setup is presented in Figure 5 (left) and the schematic diagram of test setup is pre- 
sented in Figure 5 (right). The more details about the experimental set is given in 
the [14]. 


The main flow conditions are 1) nominal inflow angle (a) = -26°, 2) Mach=0.28 and 3) 
k=0.1 4) Oscillation type= Torsional. The aerodynamic damping vs IBPA is measured 
on the instrumented blade. 


Outlet plenum 


= } 
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Figure 5. Experimental Setup (left) of 3D Blade cascade and schematic 
diagram of test setup (right) [14]. 
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Simulation setup description: To model the flow around 3D annular cascade 
and estimate the aeroelastic stability parameters PM based solver is adopted. The 
fundamental methodology and the assumptions are similar to that of isolated 
wing case as describe in the Sec. 2. However, for the 3D annular cascade, 
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method of linear superimposition is taken into account to include the effects of 
neighboring oscillating blades on the reference blade. Each blade in the cascade is 
discretized into 50 chord-wise and 10 span-wise rectangular panel elements 
Figure 7 (left). To simulate the wall bounded internal flow with solid wall boundar- 
ies using PM, extra source panels are placed on the tunnel boundary walls as pre- 
sented in the Figure 7 (left), there are no need of doublet panels because tunnel 
wall have no lifting effect on the flow field. The similar technique for internal flow 
modeling for 3D blade cascade using panel is also described by Katz [6] for calcu- 
lation of steady surface pressure. The simulation is carried out in TWM oscillation, 
which means all the blades, will oscillate at same frequency and amplitude but 
certain phase difference w.rt reference blade. In principle, the AD results from 
INC and TWM methods are identical. The simulation flow conditions are similar to 
the chosen test case and unsteady simulation is ran for 300 time steps (enough 
for convergence) with time step size At = 0.025 sec. Only zero tip clearance case 
is considered in the PM model simulation. The estimated AD using PM based aero- 
elastic model is compared with experimental data and presented in the Figure 6 


(right). 
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Figure 6. BEM based numerical model of the 1° test case (left) and the AD vs. 
IBPA comparison with experimental result (right) (Prasad et al. [15]). 


Comments: In the Figure 6 the simulated AD using 3D PM flow model at different 
IBPA in torsional vibration in TWM agrees well with experimental result and PM 
based solve accurately catch the S-curve running from unstable to stable zone, 
(-180° to +180°). However, the PM model overestimates the magnitude of AD 
values between IBPA -50° to -100° in unstable zone and for IBPA +100° and 
+180° in stable zone. This is caused by phase lead between unsteady aero- 
dynamic force and period of oscillation at these IBPA. Furthermore, at above 
mentioned IBPA for the given flow condition mild flow separation from the suction 
side of the blades may take place, since PM cannot simulate the separated flow, 
thus, overestimate the magnitude of the AD values at those IBPA, also the effect 
of acoustic resonance cannot be denied. Since there is no flow separation or 
acoustic resonance model implemented in the present version PM flow solver, 
therefore, it over estimates the AD magnitude values. Therefore, to deeply under- 
stand the phenomena and to find out the root cause of the overshoot of AD 
values, a detail CFD based (higher fidelity model). analysis will be required which 
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is computationally very expensive. Nevertheless, the AD results are accurate 
enough to be used for preliminary design stage and the computation time taken 
is approx. 45 CPU mins which is way less than the CPU time taken, if CFD based 
models have been adopted for simulation. 


2™4 Test case description: For the 2™ test case a blade bundle of LP stage steam 
turbine from Doosan Skoda Power s.r.o is selected. The LP stage complete wheel 
assembly and the blade geometry is given in the Figure 7. The LP stage rotor has 66 
blades assembly. A number of researchers have tried to understand the extent of 
coupling during cascade flutter [13,14,16,17]. In their study they have demonstrated 
the fact that influence decreases rapidly with increasing distance from the reference 
blade (blade number ‘0’ in Figure 8) and convergence can be reached after blade pair 
+ 2. The effect of + 3 pair is almost negligible. The contribution from + 2 pair is gener- 
ally of one order of magnitude less than the ones from blades 0 and + 1, which leads 
to a characteristic S-shape. Therefore, only five bladed 3D cascade bundle out of 66 
blade assembly is selected for the classical flutter analysis test case here. The blade 
numbering is given in the Figure 8 (left). To model the flow around 3D blade cascade 
using BEM PM same strategy is used as in the 1% test case. The flow conditions are 
provided by Skoda steady CFD analysis and BC are as, average axial flow velocity at 
the blade leading edge (Vx =140 m/sec), radial flow velocity (V, = 65 m/sec) and at 
the revolution speed 3000 rpm. For the same BC at first the ANSYS/CFX is used with 
estimate the AD S-curve for the different IBPA. In the later stage the PM based flow 
solver is employed for steady and unsteady simulation for the torsional flutter case. 
The estimated AD using PM is compared with CFX calculated AD and presented in the 
Figure 8 (right). Furthermore, the steady state pressure along 4 span wise position is 
calculated using Navier-Stoke based CFD model and it is compared against chord wise 
steady pressure distribution estimated using BEM PM method and presented in the 
Figure 9. 


Figure 7. Geometry of Doosan Skoda Power LP turbine wheel assembly (left) 
and Rotor blade geometry (right). 
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Figure 8. BEM PN based numerical discretization model of the 2° test case- 
(left) and the AD vs. IBPA comparison with CFD/CFX simulation with PM 
result (right). 


Comments: In the Figure 8 (right) the simulated AD using 3D PM flow model and 
ANSYS/CFX at different IBPA in torsional vibration in TWM is compared. Results 
from both simulations are close; however, the PM based solver overestimated 
the AD magnitude by the largest margin between -100° to -25°, where the cas- 
cade is prone to get into instability. Furthermore, there are noticeable discrepancy 
in the both end of the curve close to peak amplitude of AD magnitude. One of the 
reason of for this type of discrepancy between CFX result and PM results can be 
answered by looking at the steady state pressure distribution curve in the Figure 
9. In the Figure 9 the chord wise pressure distribution at four span wise position is 
compared, as we can see in the Figure 9, that at 5% span both the pressure data 
have good agreement and this agreement deteriorates as we move towards the tip 
of the blade along the span. For the given flow condition and revolution speed the 
flow become supersonic as we approach to the tip and compressibility effect 
become dominant, since the PM is based on the assumption of potential flow, 
therefore, compressibility effect is neglected, and thus both the results have large 
disagreement. Another reason for mismatch in both pressure and AD is the large 
flow separation, which occurs in half of the blade along the span starting from 
upper mid half up to the blade tip. Classical PM cannot simulate the flow 
separation and therefore, it leads to overestimation of aerodynamic forces. The 
lower accuracy of the PM method is a price for short computational time that can 
be, however, advantage in the preliminary design phase where many iterations 
required. The execution time taken by Navier-Stokes based CFD numerical model 
(18 CPU hrs. on 6 Intel-i7 processors) is significantly higher than the BEM PM 
based model to obtain the same result outputs. In addition, the PM results can be 
further improved by adding compressibility effect and modifying PM to include the 
flow separation. 
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Figure 9. Comparison of chordwise steady state pressure distribution at 4 
different spanwise potions for the Skoda blade test case, estimated using 
Navier Stoke based CFD model vs BEM PM. 


6 CONCLUSION 


The aeroelastic stability in terms of classical flutter phenomena is studied in the 3D 
blade cascade for the LP stage steam turbines. Aerodynamic damping and surface 
pressure distribution for steady state for low pressure turbine 3D annular cascade 
is estimated using medium fidelity potential flow based model and compared with 
experimental and the high-fidelity CFD results. For the low speed and low ampli- 
tude flutter case where the flow field around the 3D blade cascade is linear (1st 
test case), the PM based solver results show good agreement with measure AD 
data at different IBPA. However, for the more realistic flow conditions and the com- 
plex blade geometry case as in the 2nd test the method performs less accurate 
compared to Navier-Stokes based CFD solvers. The main cause for lower accuracy 
is the flow separation and the compressibility effects exist in the flow field. As men- 
tioned earlier that the BEM PM not suitable to model the separated flow cases and 
moreover there is limited chance to account for compressibility effect because PM 
is based on assumption of inviscid flow. Since for the 2nd test case the compress- 
ibility effects and the flow separation have dominating effect on more than 40% for 
the blade length along the span due to higher rotational speed. At rotational speed 
3000 rpm with blade span 1.25 m, the blade linear velocity along the blade span is 
very high and become more than 1.14 Mach at the tip. Moreover, the compressibil- 
ity effect cannot be neglected as flow speed reaches close to 0.4 Mach or above, 
since current version of PM cannot take compressibility effect in account, thus, the 
PM solver overestimates the pressure and thus AD value. Nevertheless, in this 
research work, classical flutter is the main focus of study, which assumes low amp- 
litude and low frequency flutter, and flow field is free from any flow separation, 


236 


hence, PM performs satisfactory in classical flutter cases as shown in first test 
case. 


Therefore, as an overall conclusion it can be said that the proposed BEM based PM 
based CFD solver is good compromise of speed and accuracy. The simulated results 
for aerodynamics damping (key stability parameter) has good agreement with experi- 
mental results. Hence, the present method can be applied to estimate the aeroelastic 
stability parameters for low frequency and low amplitude oscillation cases. In addition, 
it can a versatile design tool which can have significant impact on the computational 
time reduction and give researchers and engineers freedom to iterate different blade 
profile in very short time period at preliminary design stage of LP stage blade for opti- 
mized blade. However, the use of CFD based aeroelastic model are inevitable for the 
flow conditions where significant amount of non-linearity can exist within the flow field 
e.g. in transonic flows, separated flows or large amplitude high frequency flow in the 
cascade. 
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ABSTRACT 


Torsional vibrations of steam turbo-generator rotor-shaft-lines coupled with bending 
vibrations of exhaust blades still constitute an important operational problem for this 
type of rotor-machines. Therefore, this work proposes a relatively simple approach 
for efficient suppression and control of transient and steady-state turbo-generator 
shaft torsional vibrations excited by short circuits in a generator or power-lines, 
faulty synchronization, negative sequence currents and by sub-synchronous reson- 
ances in the turbo-generator-electric network system. This target has been achieved 
by means of semi-actively controlled rotary dampers with the magneto-rheological 
fluid. Regular operation of such devices installed in a given turbo-generator rotor- 
shaft line enables effective minimization of amplitudes of dangerous torsional 
oscillations. 


1 INTRODUCTION 


Transient and steady-state torsional vibrations of steam turbo-generator rotor-shaft 
lines coupled with bending vibrations of low-pressure-rotor exhaust blades and 
excited by various electrical disturbances still constitute an important operational 
trouble for this type of rotor-machines. This problem has been already investigated 
for many decades by many authors using numerous theoretical and experimental 
methods. In the commonly cited work (1) published in 1981 the most frequent elec- 
tric network and generator faults were specified and turbo-generator electromech- 
anical models convenient to investigate the abovementioned effects were described. 
But from Nordmann’s industrial report (2) it turned out that after another 35 years 
all these problems are still important, although the torsional oscillations of the turbo- 
generator shaft are usually more or less effectively mitigated by several anti- 
overload and protection systems. As it follows from the quite recent literature items 
(3)-(6), research in this field have been mostly focused on rotor-shaft material 
strength and fatigue life assessment, where excitations due to the electric disturb- 
ances were taken into consideration in the form of ‘a-priori’ assumed combinations 
of exponential and harmonic functions with parameters gained from practical obser- 
vations. In (3)-(4) common spring-mass models of the turbo-generator rotor-shaft- 
lines are improved in order to achieve higher computational efficiency using the 
modified Riccati torsional transfer matrix combined with Newmark’s-B method. In 
(5) a 3D finite element mechanical modelling was applied for more accurate stress 
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determination. In turn, in (6) the classical 1D FEM formulation is used and several 
cases of synchronization faults are taken into consideration in the form of harmonic 
external excitations. 


The presented work proposes a relatively simple approach for efficient suppression 
and control of transient and steady-state turbo-generator shaft torsional vibrations 
excited by short circuits in a generator or power-lines, synchronization faults, negative 
sequence currents and by sub-synchronous resonances occurring in the turbo- 
generator-electric network system. This target is going to be achieved by means of 
semi-actively controlled rotary dampers with the magneto-rheological fluid (MRF). 
The theoretical investigations, based on experimental measurements carried out on 
the real rotary MRF dampers, are performed by means of an advanced electro- 
mechanical model of the synchronous generator and turbo-generator shaft-line with 
exhaust blades. 


2 MODELLING OF THE TURBOGENERATOR-ROTOR-SHAFT SYSTEM 


The object of considerations is a typical 135 MW steam turbo-generator rotor-shaft 
system which includes the high-, intermediate- and low-pressure turbine, synchron- 
ous generator and exciter, as shown in Figure 1. This rotating system is expected to 
operate with the rotational speed of 3000 rpm. 


Figure 1. Rotor-shaft of the 135 MW steam turbo-generator. 


2.1 Hybrid structural modelling of the mechanical system 

To study the electromechanical phenomena listed above, a possibly realistic and reli- 
able mechanical model of the turbo-generator rotor-shaft line is applied. In this paper, 
similarly as e.g. in (7)-(8), dynamic investigations of the entire mechanical system 
are performed by means of a one-dimensional hybrid structural model consisting of 
finite continuous visco-elastic macro-elements and rigid bodies. In this model, by 
means of the torsionally deformable cylindrical macro-elements of continuously dis- 
tributed inertial-visco-elastic properties successive cylindrical segments of the turbo- 
generator stepped shaft and coupling disks are substituted. In order to obtain 
a sufficiently accurate representation of the real object, the visco-elastic macro- 
elements in the hybrid model are characterized by the geometric cross-sectional polar 
moments of inertia responsible for their elastic and inertial properties as well as by the 
separate layers responsible for their inertial properties only. 


Torsional vibrations of the large steam turbo-generator rotor-shaft lines are usually 
affected by at least two first eigenmodes of natural vibrations of typical low-pressure 
turbine exhaust blades. According to (9), an interaction between the exhaust blades 
oscillating ‘in-phase’ in their rims and the torsionally vibrating rotor-shaft can be 
taken into account in an equivalent form of the sum of movements of individual inde- 
pendent inertial-elastic oscillators with one degree of freedom each. These oscillators 
are fixed in the rotor-shaft cross-sections which correspond to the appropriate low- 
pressure turbine blade rims, as shown in Figure 2a. Each dynamic oscillator is 
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characterized by the natural frequency 2 and modal mass n” of the j-th eigenform of 
the respective exhaust blade rim. 


In the hybrid model torsional motion of cross-sections of each visco-elastic macro- 
element is governed by the local hyperbolic partial differential equation of the wave 
type. Mutual connections of the successive macro-elements creating the stepped 
shaft as well as their interactions with the discrete oscillators are described by equa- 
tions of boundary conditions. These equations contain geometrical conditions of con- 
formity for rotational displacements of the extreme cross sections of the mutually 
adjacent visco-elastic macro-elements as well as equations of equilibrium for external 
torques, and for inertial, elastic and external damping moments. The solution for 
forced vibration analysis has been obtained using the analytical-computational 
approach described e.g. in (7)-(8). Solving the differential eigenvalue problem and an 
application of the Fourier solution in the form of series in orthogonal eigenmode func- 
tions lead to the set of modal equations for time coordinates m(t): 


E,(t) + (B+ 10?) čna (t) + oF En(t) = = (X7 - Mr(t) -X$ Tal), m=1,2,.. (1) 


where wm are the successive natural frequencies of the rotor-shaft system, £ denotes 
the coefficient of external damping assumed here as a proportional one to the modal 
masses Ym”, Tis the retardation time, Tet) denotes the external retarding torque pro- 
duced by the electric generator, Mt) is the steam-turbine resultant driving torque 
and X,,°, Xm’ are the modal displacement functions scaled by proper maxima and dis- 
tributed respectively along the electric generator-rotor and along the successive tur- 
bine-rotors in the hybrid model. A fast convergence of the applied Fourier solution 
enables us to reduce the number of the modal equations to solve in order to obtain 
a sufficient accuracy of results in the given range of frequency. Here, it is necessary to 
solve only a few or at most a dozen or so modal equations (1), even in cases of very 
complex mechanical systems, contrary to the classical one-dimensional beam finite 
element formulation leading usually to large numbers of motion equations corres- 
ponding each to more than one hundred or many hundreds degrees of freedom (if the 
artificial and often error-prone model reduction algorithms are not applied). 


2.2 Modelling of the generator 

From the viewpoint of electromechanical coupling investigation properly advanced cir- 
cuit model of the electric generator seems to be sufficiently accurate. In the case of 
a symmetrical three-phase synchronous generator electric current oscillations in its 
windings are described by six circuit voltage equations transformed next into the 
system of Park’s equations in the so called ‘d-q’ reference system, (10): 


Ri + Laž —Q(t)L, Mrs Mp4 Q(t)Mio ig (t) mile) 
Olla  Ri+lys -ON iMr -Q()Mp —Miof iq (o -u(t 5 
Bay d d d Jij = ur 2 
-My4 0 Retla Mpu E ip(t) 0 
-Mp4 0 , Mp4 Rp + Lp4 0 ; ig(t) 0 
0 —Mio4, 0 0 Ro + Lo | 


Ug(t) = VK [Us + 4(Up + Uc)|COSO(t) : SiN(wet’) — 3(Up + Uc)sinO(t) - cos(wet)+ 
where: 
+°B(Up — Uc)cos(@(t) + wet)‘, 

ug(t) = -yH [Ua + 4(Up + U-)|sin@(t) - sin)(wet) +3(Up + Uc )cosO(t) - cos(@et)+ 


HEU, — U;)sin(O(t) + oet) }, 
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R, is the armature phase resistance, Ly, Lq are the armature phase self-inductances 
reduced to the electric field equivalent axes d and q, Mi denotes the armature phase- 
to-field winding mutual inductance, Mj is the armature phase-to-direct axis 
D damper-winding mutual inductance, Mio denotes the armature phase-to-quadrature 
axis Q damper-winding mutual inductance, Mío is the field-winding-to-direct axis 
D damper-winding mutual inductance, La Lp, Lo and Rs Rp, Ra are respectively the 
self-inductances and resistances of: field-winding, direct axis D damper-winding and 
quadrature axis Q damper-winding, i,(t), ig(t) are the armature phase currents 
reduced to the electric field equivalent axes d and q, it), ip(t), io(t) denote the electric 
currents in the field-winding, direct axis D damper-winding and quadrature axis 
Q damper-winding, respectively, usis the feeding voltage of the exciter, Q(t) and O(t) 
denote respectively the instantaneous values of the generator rotor electrical angular 
velocity and rotation angle which include their average and vibratory parts, we is the 
armature voltage circular frequency, and Ua, Ub, Uc are the amplitudes of armature 
phase voltages, (10). Then, the electromagnetic retarding torque produced by such 
synchronous generator can be expressed by the following formula: 


Tei(t) = -p| (1a ia(t) — Mr ip(t) — Mip in) i(t) — (L, i(t) — Mio ig(t)) ig(t) `i (3) 


where p is the number of pairs of the generator magnetic poles. 
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a) 
Figure 2. Modelling of the exhaust blade rims (a) and rotary dampers (b). 


2.3 Modelling of the rotary dampers 

To mitigate transient and steady-state torsional vibrations excited by electric per- 
turbations in the generator and electric network, rotary dampers with the magneto- 
rheological fluid (MRF) are applied. Such devices consist of heavy inertial disks rotata- 
bly mounted on selected rotor-shaft segments via MRF-film layers with controllable 
viscous properties, as illustrated in Figure 2b. Here, vibrations are going to be sup- 
pressed by means of attenuating the difference between the vibratory and the average 
rotor-shaft motion. The magneto-rheological fluids are functional fluids whose effect- 
ive viscosity depends on externally provided magnetic field. This feature makes them 
perfectly suitable for large rotary dampers with controllable damping characteristics. 
Then, besides an ability to generate large damping torques, important advantage of 
these devices is a low power consumption. 
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Here, the appropriately assumed and identified rheological model of the magneto- 
rheological fluid plays a fundamental role. For this aim the Bingham model of the mag- 
neto-rheological fluid is applied. Then, dynamic properties of such magneto- 
rheological fluid are regarded as a parallel combination of a viscous and frictional 
damper. In the paper the rotary dampers for the turbo-generator shaft line have been 
built using proper extrapolations of geometrical dimensions of the real laboratory 
magneto-rheological rotary damper of an analogous structure tested in (11) and with 
rheological properties experimentally identified in (12). By means of these identifica- 
tion results the following simple mathematical description of the damping torque gen- 
erated by the proposed devices has been formulated. Namely, assume that there are 
N controllable dampers with freely rotating inertial disks, each with the independently 
controllable damping coefficient c,(i(t)), j=1,2,...,N. Then, the j-th rotary damper 
generates the following damping torque 


a) - without rotary dampers 
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Figure 3. Turbo-generator rotor-shaft without- (a) and with rotary 
dampers (b). 


MP (iC) = -M7 (A) - sgn(Ae(2)) — (i) Aa,(2), (4) 


where Aa,(t) = Q(t) + = mX t) — w(t) j= 1,2,. 


MFE) and c;(i(t)) denote respectively the control static frictional damping torque 
and the viscous damping coefficient of the magneto-rheological fluid, both depending 
on the programmable, time-dependent control electric current i(t) in device coils, Aw; 
(t) is the difference between angular velocities of the torsionally vibrating shaft and 
the rotary damper inertial disk, x; denotes the location of the j-th damper on the rotor- 
shaft line, and w,(t) is the rotational speed of the j-th inertial disk, which obeys 


IÀ = -oli fol) — 0) -F bat). (5) 


m=1 


Here, in general any effective and practically usable control strategy has to be open- 
or closed-loop. But in the case of a synchronous generator the external excitation 
during electrical faults is usually characterized by two constant frequency fluctuating 
components: synchronous and double-synchronous. Then, electrical faults induce 
transient torsional vibrations of the rotor-shaft line with its fundamental natural fre- 
quencies which are also constant. According to the above, the locally optimum open- 
loop control functions Coj=C;(io) can be determined for i(t)=i/9.=const with respect to 
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the frequency response function (FRF) of the modal equations of motion (1) aug- 
mented by the control torques (4) and the equations of motion of the inertial disks (5). 
Thus, in this study the open-loop control, for which the damping coefficients remain 
constant during the whole electrical fault process, will be applied as the most reason- 
able and convenient in a turbo-generator exploitation practice. Here, their values are 
optimum with respect to the resonant frequencies, as defined by 


co = arg min, maxyFRF(f,¢) (6) 


The control damping torques M(t) defined by (4) should be treated in the hybrid model 
as system response dependent external excitations imposed in a concentrated form on 
the rotor-shaft cross-sections corresponding respectively to the j=1,2,...,N locations of 
the rotary dampers. In order to include these excitations in the modal equations of 
motion (1), they must be transformed into an orthogonal base of eigenfunctions of the 
turbo-generator rotor-shaft hybrid model. Then, using the Fourier solution one obtains 
generalized, response dependent external excitations in the form of series in these 
orthogonal eigenfunctions. As a result, the separate modal equations (1) become mutu- 
ally coupled by angular speed dependent terms to form the following set of second order 
ordinary differential equations in modal coordinates ,,(t) contained in vector r(t): 


Mi(t) + Clio) i(t) + Kr(¢) = F (0), (7) 


where M and K are the constant diagonal modal mass and stiffness matrices which 
contain respectively modal masses ym? and modal stiffness ym2@ mn" standing in Eq. 
(1). Symbol C(jg) denotes the constant control matrix which, in addition to diagonal 
structural damping terms y7(8+T@m), is supplemented by diagonal and out-of- 
diagonal terms with coefficients Co;=C,(io) of damping generated by the rotary damp- 
ers. Vector F(t) contains modal external excitations caused by driving torques pro- 
duced by successive steam turbines and by the retarding electrical generator torque. 
The total number of equations (7) corresponds to the number of torsional eigenmodes 
taken into consideration in (1) in the frequency range of interest. 


3 COMPUTATIONAL EXAMPLES 


The subject of calculations is the electromechanical model of the rotor-shaft line of the 
above-mentioned 135 MW steam turbo-generator. This object is characterized by the 
total length of 23.74 m, polar mass moment of inertia of 10487.6 kgm? and the max- 
imum nominal rated torque equal to 429734.4 Nm. In the mechanical model subse- 
quent cylindrical sections of the real rotor-shaft of this turbo-generator have been 
substituted by 184 finite continuous macro-elements. In all computational examples 
numerical values of the external damping coefficient £ and the retardation time 7 in 
Equations (1), (7) correspond to the loss-factor of 0.0048 and the logarithmic decre- 
ment of the rotor-shaft free torsional vibrations equal to 0.015 which take into consid- 
eration material losses, frictional resistance in bearings and aerodynamic drags. 


3.1 Determination of optimal rotary damper parameters 

Before starting to perform numerical simulations of various torsional vibration scen- 
arios, the basic parameters of the rotary magneto-rheological dampers will be deter- 
mined for the system under study. Here, the most fundamental are the polar mass 
moment of inertia J; of the inertial disks and optimum values of the damping coeffi- 
cients Coj, j=1,2,...,N. Considering the structure of the actual rotor-shaft line of the 
turbo-generator in question, N=6 rotary dampers were adopted, respectively on both 
sides of the HP-turbine, LP-turbine and the generator rotor, as shown in Figure 3. 
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Initially, it was assumed that all six inertial disks are identical and controlled collect- 
ively, i.e.: 


Jj =J and Coy=Co; j = E2 a (8) 


As can be intuitively predicted, the higher the inertial disk mass moment of inertia J, 
the greater ability to effectively reduce amplitudes of rotor-shaft torsional vibrations. 
Furthermore, from the design of the rotary damper presented in Figure 2b it follows 
that large mass moments of inertia are associated with larger dimensions of the iner- 
tial disk, which results in greater area of the magneto-rheological fluid gap, and there- 
fore in higher realistic values of damping coefficient Co possible to achieve. However, it 
should be remembered that the geometrical dimensions of the inertial disk and the 
entire rotary damper cannot be too large and must be rationally adapted to the size of 
the entire turbo-generator rotor-shaft. In the case of the 135 MW turbo-generator in 
question, it was possible to design a rotary damper with the inertial disk mass 
moment of inertia J=83 kgm?. For this value, by means of the open-loop control 
defined by equation (6), frequency response functions of the torsionally vibrating 
rotor-shaft system have been determined and demonstrated in Figure 4. Here, the 
damping coefficient co is constrained to the interval 0-5-10* Nms/rad within excitation 
frequency range of 0-100 Hz, which together include FRF minima of the fundamental 
eigenmodes with resonant frequencies of 26.37 and 49.47 Hz. Figure 4a and 4b pre- 
sent FRFs of the angular velocity amplitudes at the HP-turbine and exciter rotor-shaft 
free ends, respectively. In Figures 4c and 4d there are illustrated FRFs of the ampli- 
tudes of dynamic torques transmitted respectively by the shaft couplings between the 
IP-LP turbines and between the LP-turbine-generator rotor. The all plots demonstrate 
significant amplitude peaks associated with the first two torsional eigenvibration 
modes with the abovementioned natural frequency values. Moreover, at zero excita- 
tion frequency the FRFs of the rotor-shaft angular velocities are characterized by the 
additional peaks which are associated with the system rigid body mode, and of con- 
stant values — independent of the damping coefficients Co realized by the rotary damp- 
ers. From the computational result presented in Figure 4 it follows that an effective 
suppression of the system dynamic response can be obtained for damping coefficients 
greater than ~2500 Nms/rad to reach minimum between 0.5-10*-2-10* Nms/rad. But 
for Co higher than ca. 3-107 Nms/rad amplitudes of the first natural vibration mode 
noticeably increase due to a gradual sticking of the relatively light-weight inertial disks 
to the torsionally vibrating shaft. Analogous computations have been also performed 
for greater inertial disk mass moments of inertia J than the abovementioned 83 kgm?. 
Then, as shown in Figure 5 (in the identical way as in Figure 4), for J=155 kgm? within 
the damping coefficient range under consideration the observed two resonance ampli- 
tude peaks surprisingly decay slower with the rise of Co from zero to reach minima at 
ca. 3-10* Nms/rad and to remain almost unchanged for greater damping coefficient 
values, because the greater J, the higher Co is required to stick a heavy inertial disk to 
the torsionally vibrating shaft. In the case of rotary dampers with greater mass 
moments of inertia of their inertial disks and larger geometrical dimensions it is easier 
to achieve greater damping coefficient values, but then such devices are characterized 
by too large outer diameters which can be troublesome for a design of the entire 
turbo-generator. According to the above, for further investigations the constant value 
of the optimal and realistic to obtain damping coefficient co=2500 Nms/rad has been 
chosen basing on the system frequency response functions depicted in Figure 4 and 
obtained for J=83 kgm? which seems to be a reasonable value from the design view- 
point of the turbo-generator being tested. 
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Figure 4. Frequency response functions of the turbo-generator rotor-shaft 
system for the rotary dampers with the inertial disk mass moment of inertia 
of 83 kgm?. 
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Figure 5. Frequency response functions of the turbo-generator rotor-shaft 
system for the rotary dampers with the inertial disk mass moment of inertia of 
155 kgm?. 


3.2 Simulation of transient vibrations in time domain 

In order to demonstrate suppression ability of torsional vibrations by means of the MRF 
rotary dampers two electrical fault scenarios will be assumed: namely, transient dynamic 
responses caused by a symmetrical three-phase short circuit and a two-phase short cir- 
cuit in the generator. In the first case a typical automatic high-speed-reclosing after 
standard number of cycles is applied and the second investigated fault will be cleared 
after 200 cycles of its duration. For the case of the three-phase short circuit in Figure 6 
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there are presented time-histories of the dynamic torques transmitted by the most heav- 
ily affected turbo-generator rotor-shaft couplings, i.e. between the IP-LP turbines (Figure 
6a) and between the LP-turbine-generator-rotor (Figure 6b), of the reaction torque trans- 
mitted by attachments of the longest exhaust blade rims on the LP-rotor (Figure 6c), and 
the angular velocity vibratory component of the shaft free end at the HP-turbine rotor 
side (Figure 6d). In all of these figures there are plotted dynamic responses obtained for 
the system without rotary dampers (using red lines) and analogous responses deter- 
mined for the turbo-generator rotor-shaft equipped with the rotary dampers (by means 
of the green lines). Consequently, Figures 6e-h demonstrate respectively in the identical 
way dynamic responses of the same quantities registered during simulation of the 
double-phase short circuit scenario. 


torq. [-] 


IP-LP torq. / rated torq. [-] 
UN LOaN wea 


~ 


q./ rated torq. [-] © LP-GEN torq. / rated 


O vibr. angular velocity [rad/s] gy 


g 
£ 
5 
— without dampers 3 — without dampers 
— with dampers S — with dampers 
yo 1 2 3 4 5 d) o 1 2 3 4 5 
time [s] time [s] 


ithout dampers | _ N Seer: ee 
dampers ' 


IP-LP torq. / rated torq. [-] 


10 


M 
~ 
> 
N 
> 
a 
© 


q. / rated torq. [-] > Lp.GEN torq. / rated torq. [-] 


T ; 
g — without dampers 
ey — with dampers 
> = 
8 0.05 
v 
> 0 
g 

£ £ -0.05 pa 
=) = : 
£ & -010 Beans 
5 g 0.15 i 
= 8 

-0.20 
g) `o 2 4 6 8 10h)” o 2 4 6 8 10 

time [s] time [s] 


Figure 6. Transient dynamic responses of the turbo-generator rotor-shaft 
system for: the three-phase (a-d) and double-phase (e-h) short circuit in the 
generator. 
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Because of relatively weak structural damping, which usually characterize torsionally 
vibrating turbo-generator rotor-shafts, the all transient dynamic responses obtained 
for the system without rotary dampers, and demonstrated in Figure 6, very slowly 
fade over time. This can be very dangerous for a material fatigue of the most respon- 
sible elements, like shaft-couplings or exhaust blade attachments. However, when the 
MRF rotary dampers are used, in the case of both electric fault scenarios the ampli- 
tudes of the torques and velocity almost immediately decay over time for the same 
constant damping coefficient value of the magneto-rheological fluid film, which 
depends on the constant control current a-priori adopted for the tested object. 


4 FINAL REMARKS & FURTHER WORK 


In the paper there is proposed a practical method of suppression of turbo-generator 
rotor-shaft line torsional vibrations induced by various electrical faults. In the study 
presented here an attenuation of oscillation amplitudes is realized by introduction of 
additional damping into the mechanical system by means of magneto-rheological 
rotary dampers with adjustable dissipative properties. The obtained results of exem- 
plary computations have confirmed that using the proposed approach severe transient 
torsional vibrations can be very effectively mitigated when constant damping coeffi- 
cients of the MRF dampers are properly adopted. Optimal numerical values of them 
correspond to minima of the frequency response functions which take into consider- 
ation the most excitable fundamental eigenmodes of the hybrid model of the rotor- 
shaft line determined for the turbo-generator being tested. Considering the viscous 
properties of typical magneto-rheological fluids, their constant damping coefficients 
can be realized by constant control current values, which makes the proposed strategy 
relatively simple, cheap and robust in an operational practice. 


The entire methodology presented in this work is based on a realistic and relatively 
transparent electro-mechanical model of the investigated object. The computational 
examples were limited here to simulations of transient vibrations caused by short cir- 
cuits in the generator only, although using this model numerous scenarios of torsional 
vibrations induced by other electrical faults can be effectively studied. For example, 
steady-state oscillations caused by an unbalanced load of the generator can be spec- 
tacularly investigated for turbo-generator rotor-shaft lines sensitive to excitations 
with double-synchronous frequency, which unfortunately does not apply to the tested 
object. Moreover, in order to study the phenomenon of sub-synchronous resonances, 
the electromechanical model used here must be extended to include a relatively 
simple but reliable model of the electric transmission network. Anyway, in such cases 
the use of magneto-rheological rotary dampers to mitigate torsional vibrations also 
seems extremely justified, which will be the subject of further research in this field. 
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ABSTRACT 


Rotating flexible shafts carrying multiple flexible bladed discs are the core component 
of gas turbines. Due to the ever more flexible nature of shafts and discs in modern 
applications, dynamic coupling of shafts and discs is becoming more common. Trad- 
itional analysis assumptions of rigid discs on flexible shafts, and flexible discs on rigid 
shafts, are no longer valid, and a combined analysis is needed. It is well known that 
disc/blade zero and one Nodal Diameter (ND) modes can couple with shaft axial and 
bending modes respectively, but a previous work by the authors has shown that 
a third coupling behaviour between shaft bending and disc OND modes exists in the 
presence of an asymmetric axial-radial bearing supporting structure. 


This paper investigates the previous findings in a much more realistic configuration, 
adding a flexible bladed disc with variable stagger angle to the analysis. The results 
show that, in the presence of an axial-radial coupled bearing support on the shaft, 
both shaft axial and bending modes can combine with blade OND and 1ND modes into 
“fully coupled” modes involving all these vibrating patterns. In addition, the blade 
stagger angle can lead to a further coupling behaviour of these new “fully coupled” 
modes with shaft torsion. 


1 INTRODUCTION 


Rotating assemblies composed by flexible shafts and bladed discs are extensively 
used in industry, with applications ranging from aircraft propulsion and power gas tur- 
bines to compressor and wind turbines [1-2]. Vibration is a highly undesirable phe- 
nomenon in these systems, since it affects performance and leads to premature 
fatigue and wear [1, 3]. The dynamic analysis of rotors has historically been carried 
out by first addressing the shaft dynamics with rigid discs [1, 5], and the blades 
dynamics was then investigated separately [4], assuming a rigid shaft. This assump- 
tion is valid as long as the blades and shaft resonance frequencies are well separated. 
However, modern applications and new trends in aero-engine design introduce larger, 
so more compliant bladed discs on shorter, stiffer shafts [2]. In these cases, the 
uncoupled assumption is no longer valid, since blade frequencies can approach the 
shaft frequencies, and a coupled dynamic analysis is required to correctly predict the 
system’s dynamic response [5]. An unknown coalescence of shaft bending and disc 
“zero Nodal Diameter (OND)” modes has also been observed during an engine devel- 
opment test. 


Extensive theoretical research has been carried out in the past on shaft and disc/blade 
dynamic interaction [8-15]. Detailed studies have shown that disc/blades OND and 
1ND modes tend to couple with shaft axial and bending modes, respectively. When 
blades vibrate with a OND pattern, a net torque is transmitted to the shaft, exciting its 
torsional mode(s) [8, 13]. If the blades are staggered and vibrating with a OND pat- 
tern, then an axial force is also transmitted to the shaft, which can excite the shaft 
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axial mode(s), [4, 9]. A more comprehensive model with both disc and blades has 
been developed in [16-18, showing that also a 1ND pattern on the bladed disk leads to 
a bending moment transmitted to the shaft, which in turn can excite the shaft bending 
modes. This behaviour is also impacted by the gyroscopic effect, which leads to whirl- 
ing shaft modes that couple with disc-blades 1ND [6, 16-18]. The above investigations 
use simplified modelling approaches [7], which do not allow to capture 3D effects. In 
addition, the bearings supporting structure is often neglected and the shaft lateral, 
axial and torsional dynamics are considered uncoupled, with the only exception of 
[19], where an axial-lateral shaft coupling due to the thrust bearing is discussed. 


Extending on the above, previous work from the authors [20, 21] has shown that 
shaft axial and lateral modes can combine to axial-lateral “Mixed Modes” in the pres- 
ence of a general asymmetric bearing supporting structure [20]. These coupled shaft 
modes can then further couple simultaneously with flexible disk OND and 1ND modes, 
explaining the aforementioned unknown coupling, which is further impacted by the 
gyroscopic effect [20, 21]. This paper aims to extend the above findings to a shaft 
carrying a flexible disc with blades for a more realistic investigation. The behaviour of 
this system in the presence of axial-lateral coupling due to the bearing supports is 
investigated to better understand how the OND and 1ND blade modes interact with the 
shaft dynamics. The impact of the stagger angle is also investigated highlighting 
a further interaction with the shaft torsional dynamics. 


2 MODEL DESCRIPTION 


In order to capture the coupling effects described above, the simple shaft-bladed disc 
assembly from Figure 1a will be investigated as a full 3D finite element model. The 
shaft is of solid Aluminium and circular, with a length of 0.8m and a diameter of 0.02m. 


ky = Lat 


a 
ky = ko(1 + ô) 2 


(a) (b) 


Figure 1. Assembly under study - a) solid geometry b) lumped parameters 
approximation of the bearing supporting structure [20]. 


z 


A, 


x 


Figure 2. Shaft with flexible disc from [20-21]. 
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In order to assure continuity with previous works from the authors [20-21], the follow- 
ing choices have been made: 


1. The total mass of the bladed disc (hub and blades) was set to match the one from 
the previous system's (Figure 2) flexible disc (0.26 kg) 

2. The blades first bending frequency was set to match the frequency of the flexible 
disc’s first OND modes, equal to 327 Hz 


Consequently, the chosen geometry consists of a thick hub with a 4cm diameter and 
a 2cm thickness, which carries 8 cantilevered blades whose length is 8 cm, width is 
1.2cm and thickness is 0.24 cm (Figure 1a). The blades are mounted onto the shaft 
with a stagger angle £ (see Figure 3). In more detail, 6 =0 when the blades are in 
plane with the disc surface. This case will be analysed firstly in section 3.1, then 
a parametric study for other values of # will be carried out in section 3.3. 


Figure 3. Blades stagger angle. 


The shaft is supported by identical plain bearings at each end which were introduced in 
[20]. Each bearing is then supported by four rods in XY and YZ planes (see Figure 1b). 
In the YZ plane, the two rods are perpendicular to the shaft, whilst in the X-Y plane they 
are inclined towards the shaft axial direction as shown in Figure 1b, to introduce 
a coupling between axial and lateral shaft motion. The combined effect of bearing and 
rods is approximated using linear spring elements. A stiffness asymmetry is then intro- 
duced on the springs in the XY plane with the following expression kı 2 = ko(1 + ò). 


Since the shaft-blades dynamic interaction depends on forces transmitted between 
the shaft and the bladed disc, the stress distribution between blades and hub and hub 
and shaft must be computed very accurately. In the past beam and shell elements as 
well as analytical solutions proved unable to capture such behaviours and conse- 
quently a full 3D quadratic order tetrahedral FEM model was implemented. 
A combination of eigenvalue extraction and forced response analyses was carried out 
to obtain the presented results. Concerning the latter, the shaft is excited at its left 
bearing location with different forcing conditions, and radial strain on the blades and 
displacements on the shaft were chosen as output quantities, mimicking a typical 
setup in experimental rotor dynamics [1, 15], where blades are equipped with strain 
gauges, while shaft displacements are measured with laser sensors or accelerom- 
eters. To investigate the effect of the gyroscopic effect on the coupling behaviour, 
a final modal analysis including the rotation was conducted. 


3 NUMERICAL RESULTS 


3.1 Baseline analysis - symmetrical supports - 6 = 0, 8 = 0 
The initial analysis is carried out with £ = 0 and ô= 0 (see Figure 1b and section 2). 
Results from the nonrotating modal analysis are summarised in Table 1 and Figure 4. 
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Table 1. Full assembly frequencies - asymmetrical supports with ô = 0 - 
comparison with results with flexible disc from [20] and [21]. 


Flexible disc [20] Flexible blades (Figure 1a) 
Frequency Dominant mode Frequency Dominant mode 


50.47 Hz Shaft 1% Bending -XY | 50.51 Hz Shaft 1% Bending - 
XY 


50.83 Hz Shaft 1%* Bending -YZ | 50.96 Hz Shaft 1% Bending - 
YZ 


207.62 Hz Shaft 2" Bending -XY | 233.30 Hz Shaft 2"4 Bending 
-XY 


211.39 Hz Shaft 2"! Bending -YZ | 240.13 Hz Shaft 2"! Bend- 
ing - YZ 

244.74 Hz Shaft - axial 284.89 Hz Shaft - axial 
264.00 Hz Disc 1ND - XY 318.25 Hz Blades 1ND - XY 
266.91 Hz Disc 1ND - YZ 318.80 Hz Blades 1ND - YZ 
416.97 Hz Disc OND 350.42 Hz Blades OND 
429.52 Hz Disc 2ND 318.80 Hz Blades ND > 1 
219.42 Hz Shaft torsion 394.66 Hz Shaft torsion 


Y | Y 
ny 3 ny 
(a) #1,2- 50.51 Hz (b) #3 - 233.3 Hz (c) #4 - 240.13 Hz (d) #5 - 284.89 Hz 
Y Y Y Y 
ny we, : ny ny 
(e) #6,7 - 318.25 Hz (f) #9 - 318.8 Hz (g) #8 - 350.42 Hz (h) #10 - 394.66 Hz 


Figure 4. Full assembly modes - symmetrical supports with 6 = 0. 
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Modes #1-2 (Figure 4a) are dominated by the shaft first bending mode and the 
blades behave as a rigid body. Modes #3-4 are instead dominated by the 
shaft second bending mode and the blades oscillate on a 1ND pattern. Compared 
to the case with a flexible disc [20,21], the frequencies are higher. There are two 
reasons behind this behaviour. First, even if the mass of the blades was set to be 
the same of the disc in [20,21], the inertia moment is different, so is the frequency 
of the second bending mode. The second reason is that in a flexible disc the fre- 
quencies of 1ND and OND modes are well separated (264 Hz and 325 Hz) whilst 
they are the same when considering blades, as the first flapping mode dominates 
(see Figure 5). This is also the case for modes #6-7 (Figure 4e), which are domin- 
ated by the blades 1ND pattern. Modes #5 and #8 are dominated by shaft axial 
and blades OND modes, respectively. It is interesting to notice that, even if the 
blades frequency has been tuned to match this disc mode, there is still a high dif- 
ference in frequency between the two cases. The reason behind that is the differ- 
ent inertia in the two cases. Figure 4f (#9) groups together all the blades modes 
with ND > 1, which do not couple with the shaft [9, 16-18] because they do not 
apply a net force/moment onto the shaft. Mode #10 is dominated by shaft torsion, 
and the blades slightly vibrate in the edgewise direction. The results shown here 
highlight, that a shaft carrying blades can have a very different dynamic behaviour 
from the one carrying a flexible disc, and, although they share some features, they 
should not be used interchangeably for approximation purposes. 
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Figure 5. Natural Frequencies vs Nodal Diameters for flexible disc/ blades. 


3.2 Baseline analysis - asymmetrical supports - ô # 0, £ = 0 

In this section, the results of a modal analysis with asymmetric supports in the XY 
plane are presented (6 = 0.5). Since the YZ plane remains symmetric, only modes 
occurring in the XY plane are shown in Figure 5. Previous work [20] has shown that, 
in presence of asymmetric axial-radial supports, the shaft second bending mode and 
the axial rigid shaft mode combine to two axial-lateral “Mixed Modes”, which show 
both axial and lateral vibration. These modes were shown to couple with both OND 
and 1ND disc modes due to the transmission of axial force and lateral moment, 
respectively. 
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(a) #3 - 218.65 Hz (b) #5 - 269.12 Hz (c) #8 - 339.99 Hz 


Figure 6. Full assembly modes - asymmetrical supports with ô + 0. 


Figure 6 shows the relevant modes for the shaft-blades assembly, that lead to bend- 
ing-axial shaft coupling. Mode #3 (Figure 6a) is dominated by the shaft first mixed 
mode, which shows both axial and lateral features with the blades oscillating in a OND/ 
1ND superposed pattern. Mode #5 (Figure 6b) is dominated by the shaft second 
mixed mode, which drives a blade OND pattern. Mode #8 (Figure 6c) is dominated by 
the blades OND mode with the shaft oscillating following the second mixed mode pat- 
tern. The shaft has a relatively low amplitude compared to the blades, due to the dis- 
tance in frequency between shaft (255 Hz) and blades (325 Hz) modes, in addition to 
the lower inertia of the blades, resulting in a low amplitude of the force transmitted at 
the interface, which then drives the shaft mode. 


3.3 Stagger angle parametric study 

In this section, the impact of the blades stagger angle £ (already shown in Figure 3) on 
the system's dynamics is investigated. In order to do so, a forced response analysis is 
carried out on the non-rotating system. A virtual strain gauge is applied on blade 1 in 
the radial direction and the shaft is excited at the left bearing with a lateral force, an 
axial force and a torque, respectively. Results with different stagger angles are shown 
in Figure 7. When blades are at 0° stagger angle and the shaft is driven with an axial or 
lateral force (7a), the shaft mixed modes are excited, which in turn drive blade flap- 
ping modes due their axial component. Instead, a torsional excitation on the shaft 
with 0° stagger angle blades transmits in-plane forces onto the blades, which then 
respond with low amplitude edgewise vibration (see Figure 3h) and no radial strain. 
The four peaks in Figure 7a correspond, respectively, to modes #3, #4, #6 and #8 
from Figure 3. Since an axial or lateral excitation does not drive any torsional compo- 
nent, it can be concluded that blades flap and shaft torsion are not coupled in this 
configuration 


At the other extreme, for a stagger angle of 2 = 90°, the opposite situation can be 
observed in Figure 7c): a torque on the shaft leads to a system of in-plane forces, 
which then strongly drive blades flap modes. The coupled mode occurs at 260 Hz. The 
response curves for lateral and axial excitation show very little response, which arises 
from an edgewise vibration of the blades in this configuration. On the other hand, the 
flapping motion of the blades is fully uncoupled from shaft axial and lateral. 
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When £ = 45°, the system experiences a superposed situation: both torque and axial- 
lateral forces on the shaft lead to blade flap vibration, leading to the response in 
Figure 7c) where all excitations drive all modes. Given the linear nature of the system, 
in reverse, this behaviour means that when blade flap motion is excited (e. g. via an 
Engine Order excitation), both a torque and an axial force are applied to the shaft, 
which can then drive axial-lateral and torsional shaft modes. This results in coupled 
axial, lateral and torsional shaft dynamics which is a rather unique and previously 
unobserved dynamic combination. It is worth noticing that, when £ = 45°, the natural 
frequency of the blades OND dominated mode (#8) goes down to 290.38 Hz due to the 
additional flexibility introduced by the shaft torsion. 
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Figure 7. Blade 1 radial strain frequency response from different shaft 
excitation, considering a stagger angle / equal to a) 0° degrees 
b) 45 ° degrees c) 90° degrees. 


In order to confirm this new coupling behaviour, an additional FRF analysis was per- 
formed on the system with 2 = 45°. A unitary torque was applied on the left end bearing 
and shaft lateral (X-direction) and axial displacements were extracted at Y = 0.2L naj. 
The results in Figure 8 clearly show that all four responses peaks are present in the 
shaft response for the given torque input confirming the strong coupling between 
axial, lateral and torsional vibration in this configuration, which is maximum in modes 
#5 (dominated by shaft second mixed mode and occurring at 266 Hz) and #8. 


256 


10? 


—— Lateral 
= = ~Axial 


Displacement [m] 


108 : l 
200 250 300 350 


Frequency [Hz] 


Figure 8. Shaft torque response with J = 45°. 


3.4 Rotating system analysis 

The final part of this study consists in a rotating analysis of the system with £ = 45° to 
better understand the impact of the rotation on this system's dynamics. Gyroscopic 
effects and centrifugal stiffening are included in this analysis and a complex eigen- 
values extraction is performed in the rotating frame of reference, as the assembly is 
not axisymmetric. 


The resulting Campbell Diagram, showing the evolution of the natural frequencies 
over the rotational speed is provided in Figure 9. In agreement with literature [6, 
16], mode #1 and #2 combine themselves into a forward and backward travelling 
wave due to the gyroscopic forces. As previously stated, blades behave as rigid 
bodies in these modes, and consequently no blades-shaft interaction is observed. 
Particular attention is to be paid to the next four modes. Modes #3, #5 and #8, 
occurring in the XY plane, combine with mode #4 in plane YZ (Figure 3c) into 
four travelling waves. Mode #3 evolves into a forward travelling wave given the 
decreasing trend of its frequency, whilst modes #4, #5 and #8 turn into back- 
ward travelling waves since their frequency increases. These modes have an add- 
itional interesting behaviour: the analysis in the XY plane from Figures 7b) and 8) 
has proved that axial, torsional and lateral vibration in the XY plane are fully 
coupled, but the gyroscopic effect then couples the bending vibration in XY and 
YZ planes as well, leading once more to a new family of coupling modes, with 
a shaft travelling wave that experiences axial and torsional vibration at the same 
time. Modes previously grouped under the label #9, have ND>1, so they do not 
couple with the shaft. 


Due to the low polar moment of inertia of the blades, the impact of the gyroscopic 
effect on the blade vibration is generally negligible. Instead, they show a moderate 
quadratic order increase in their natural frequencies due to centrifugal stiffening (see 
Figure 9b). Modes #6 and #7 are instead dominated by blades 1ND. Due to the high 
distance in frequency from the shaft bending modes and the low inertia, the coupling 
with the shaft is very low, so is the frequency splitting due to gyroscopic effect. On the 
other hand, they are also subjected to a moderate centrifugal stiffening, resulting in 
the behaviour shown in Figure 9b). 
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Figure 9. System full Campbell diagram in a) and detailed view of the blade 
modes in b). 


4 DISCUSSION 


Previous works from the authors [20-21] had discovered a novel coupling between 
axial and lateral vibration in a flexible shaft- flexible disc assembly. The obtained 
results showed that axial-lateral shaft modes can couple with disc OND and 1ND 
modes, leading to a new family of coupled modes. Gyroscopic effects led to Travelling 
Waves with axial components, which exhibit further coupling with disc OND and 1ND. 


To better understand the impact of these new mode families on the response of a real 
turbo-machinery rotor, this work extended the previous findings to a shaft carrying 
a flexible bladed disc. A comparison with the previous results showed that while the 
natural frequencies of OND-1ND-2ND modes of the flexible disc were well separated, 
for the blades these NDs are dominated by the blades first flapping mode, so they 
occur at the same frequency (see Figure 4). Although the masses were kept the same, 
the mass distribution and consequently the mass moment of inertia were different. It 
is also worth noticing that the first edgewise bending mode of the blades has a lower 
frequency compared to the flexible disc first in-plane mode, leading to a light inter- 
action with the shaft torsional mode (Figure 3h), when the stagger angle £ = 0°. 


Considering the case with 8=0° and asymmetric supports, it highlighted that the 
blade OND modes for the investigated blades can couple with shaft axial-bending 
modes, whilst blade 1ND modes show little coupling with shaft bending modes due to 
the high distance in frequency (325 to 190 Hz). It was also found that shaft torsion 
can couple with blade edgewise modes due to a torque transmission at the shaft disc 
interface. As expected in a bladed disc with no mistuned blades [10], NDs > 1 do not 
couple with the shaft. 


With £ = 90° the behaviour was reversed: blade edgewise modes lightly coupled with 
axial-bending modes, whilst blade OND flapwise modes showed a strong coupling with 
shaft torsion, which was confirmed by the strong response shown in Figure 7b). 


When the blades were staggered (2 = 45°), the two coupling behaviours observed previ- 
ously become superposed: a blade OND mode vibration resulted in an interface axial 
force and torque transmission, which in turn drove simultaneously shaft axial-lateral and 
torsional modes, leading to an extremely complicated interaction between all modes. 


When the system was rotating, all non-rotating modes involving bending deformation 
were affected by the gyroscopic terms and combining themselves into travelling 
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waves; the observed modes involved shaft axial vibration components and blade OND 
and 1ND superposed patterns. 1ND modes played in this case much less of a role due 
to their strong frequency separation from the shaft modes. The combined effect of the 
axial-torsional-lateral coupling and the gyroscopic effect led to the appearance of trav- 
elling waves which also involved a torsional component. 


To simplify all these complex interactions, Figure 10 summarises the observed behav- 
iour: the gyroscopic effect provides coupling between bending modes in the two 
orthogonal planes, the bending supports provide coupling between axial and bending 
in the XY plane, whilst the stagger angle leads to coupling between blade OND and 
shaft axial and torsional modes, resulting in the full coupling described above. 
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asymmetry 


1ND «————— Bending - XY (kuv # 0) 


2#0 
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Figure 10. Full Coupling Diagram. 


5 CONCLUSIONS 


A flexible shaft carrying a flexible bladed disc and supported by an axial-lateral 
coupled bearing supporting structure has been modelled. Analogies and differences of 
the same system carrying respectively a flexible disc and blades have been presented, 
showing a strong effect of different mass distribution and dynamic properties on the 
coupling mechanism. 


A series of interesting new coupling mechanisms were observed. Unusual Blade OND and 
shaft lateral coupling was detected, alongside a new shaft axial-lateral-torsional coupling 
to blade OND modes for staggered blades. This newly identified coupling phenomenon 
can lead to unexpected levels of vibration, highlighting the need for a fully coupled ana- 
lysis for modern, more flexible designs, to ensure an efficient and safe operation. 
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ABSTRACT 


Helicopters are notorious for their high vibration levels and the rotor systems are the 
main contributors to the problem. Rotor vibrations can be minimized by optimizing the 
rotor structure. However, the result of the optimization might require precise manufactur- 
ing of the rotor with tight tolerances leading to increased production cost and time. More- 
over, due to loose manufacturing tolerances or wear from usage, the rotor might present 
higher vibrations during operation if the rotor vibration is sensitive to slight variations in 
the design variables. Hence, it is important to obtain a design point for minimum vibration 
that is also insensitive to such deviations. In this study, a four-bladed helicopter rotor is 
structurally optimized for minimum vibration and minimum blade mass. Along with these 
objectives, the sensitivity of each design point to variable deviations is calculated and 
combined into the objective function. It is aimed to obtain a design point resulting in min- 
imum vibration and blade mass with the least variable sensitivity. Surrogate-based 
models are incorporated for the optimization to reduce objective function and sensitivity 
calculation times. For vibration minimization, vibration amplitudes along the rotor blades 
and at the rotor hub are considered. Furthermore, blade natural frequencies are separ- 
ated from excitation frequencies to avoid any potential resonance. A comparative study 
is presented to provide the effect of parameter sensitivity. 


NOTATION 
Chord length Rotor radius 


Differentiation operator Lay-up thickness 


Hinge offset distance from hub Design variable 
center 


Young’s modulus x Sectional center-of-gravity position 


Objective function N Sectional neutral axis position 


Force Sectional shear center position 


Shear modulus Lock number 


Blade vibratory loading s Sectional strain in blade span 
direction 


Hub vibratory loading Poisson’s ratio 


Mass Density 


Moment i i-th blade elastic natural frequency 


Penalty function Rotor rotational speed 


Dimensional rotor station, Frequency normalized to rotor 
penalty scaling factor rotational speed 
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1 INTRODUCTION 


Helicopters are notorious for their high vibration levels. The main contribution to this 
problem comes from the helicopter rotors (1). During the design stage, one of the duties 
of helicopter rotor design engineers is to optimize the rotor to achieve minimum vibration 
while satisfying various static and dynamic constraints. However, the optimization will 
likely result in a precise design requiring a production with very tight tolerances. 


For the production of helicopter rotor blades, composite materials are frequently util- 
ized, and the manufacturing process involves a combination of computer-aided auto- 
matic processes and manual labour (2). Moreover, each of the blade components is 
manufactured separately and assembled at later stages. Therefore, the composite 
rotor blades are prone to tolerance stacking (3), which may lead to significant devi- 
ations from the optimum blade design parameters; hence, undesired rotor behaviour 
in terms of vibration and performance can be experienced. 


Li et al. (4) proposed a methodology for the design and optimization of composite rotor 
blades. The methodology consists of an improved model for optimization, a parametric 
blade cross-section modeller, an efficient and accurate cross-sectional analysis, and an 
efficient optimization process. Authors constructed the objective function based on the 
minimization of the distances from shear and mass centers to aerodynamic center for 
flutter stability concerns. Moreover, the minimization of blade mass and stresses under 
operational loads were targeted, as well. The objective function was subjected to bound- 
ary constraints for torsion and bending stiffnesses, and blade mass. Furthermore, bound- 
aries were introduced to limit the stress levels and structural coupling terms. As design 
variables, 17 parameters describing the cross-section geometry were selected. Sectional 
properties were obtained by using variational asymptotic beam sectional analysis (VABS) 
(5). The results lead to a decrease in the distance of the shear center and the mass 
center from the aerodynamic center by 0.49% and 2.87%, respectively. On top of that, 
the ratio of the maximum stress of the optimal design to the baseline design was found 
out to be 91%. Authors concluded that this methodology could be utilized to optimize 
realistic composite blades with manufacturability constraints. 


Murugan and Ganguli (6) studied surrogate-based modeling for helicopter rotor blade 
optimization. Authors aimed to reduce helicopter vibrations via changing blade cross- 
sectional design parameters. For the surrogate-based modeling, polynomial function 
fitting was employed and for the optimization, Genetic Algorithm was used to avoid 
local minima. The optimization process was divided into two levels: in the first level, 
surrogate-based models were used to find promising regions; whereas, in the second 
level, the actual analysis routine were used. The authors concluded that with the use 
of surrogate-based modeling, the objective function can be predicted with satisfying 
accuracy while reducing analysis time significantly. 


Bilen et al. (1) optimized a fully-articulated rotor for minimum vibration. For this pur- 
pose, two approaches were implemented namely, frequency separation approach 
(FSA) and direct vibration reduction approach (DVRA). Both approaches aim to minim- 
ize the blade mass while satisfying various constraints. FSA attempts to achieve min- 
imum vibrations by separating blade natural frequencies from excitation frequencies 
to avoid resonances; whereas, DVRA directly targets the blade vibration amplitudes. 
Six variables were used for the blade cross-section shape and four variables were util- 
ized for concentrated masses and their locations along the blades. To reduce the opti- 
mization time, surrogate-based models were implemented for blade structural 
property predictions. The rotor was optimized using both approaches and 
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performances of them were compared against each other. Results show that DVRA 
performs better in vibration reduction while FSA provides lighter rotor blades. More- 
over, the use of surrogate-based models provides significant savings in computational 
time while maintaining satisfactory accuracy. 


Ritto et al. (7) proposed a methodology to optimize the performance of a flexible 
helicopter rotor-bearing system taking into account parameter uncertainties. For 
the minimization of rotor vibration, frequency separation approach was imple- 
mented. To integrate parameter uncertainties, probabilistic models were con- 
sidered. According to the study, uncertainties obey a probabilistic distribution. The 
parameter uncertainty was modelled as an additional objective and both rotor and 
sensitivity objectives were optimized using different probability distributions. The 
study showed that there is not a significant difference between probability distribu- 
tions, and the authors showed that the inclusion of parameter uncertainties leads 
to less sensitive optimal points. 


In this study, a four-bladed, fully-articulated helicopter rotor is structurally optimized for 
minimum mass and vibration. For the optimization, three objectives are selected; 
namely, blade vibratory loads, hub vibratory loads, and blade mass. Moreover, various 
constraints are imposed to ensure optimal rotor performance. To reduce optimization 
times, surrogate-based models are generated for each parameter that is used to evaluate 
the rotor objective function. Since a deviation from the optimal point might adversely 
affect the optimization results, the sensitivity of the optimal point to such deviations are 
studied as well. A finite-difference based approach is implemented to model sensitivity. 
The method developed is integrated into the optimization problem as an additional opti- 
mization objective; hence, an augmented objective function involving both rotor object- 
ive and its parameter sensitivity is constructed. The contribution of rotor objectives and 
sensitivity is investigated by changing a weight coefficient. 


2 ROTOR MODEL 


2.1 Rotor topology 

The rotor is fully articulated with four composite blades. In Table 1, basic rotor 
parameters are provided. The rotor is modeled using DYMORE; a finite-element- 
based multibody dynamics code (8). DYMORE can handle nonlinear flexible systems 
with arbitrary topologies where nonlinear elastic bodies are allowed to move arbi- 
trarily with respect to each other. The following elements can be modelled; rigid 
bodies, cables, beams, shells, and joints. DYMORE employs Geometrically Exact 
Beam Theory (GEBT), which was introduced by Simo et al. (9) and later refined by 
Hodges (10). GEBT uses Generalized Timoshenko Beam Theory, which enables the 
beams to deform in axial, shear directions, to twist and to bend at the same time. 
Moreover, the theory enables the analysis of initially twisted and curved beams. 


DYMORE is capable of calculating aerodynamic loads of rotor blades and/or wings 
internally. Simplified models based on lifting line theory and vortex wake models 
developed by Peters et al. (11) are used for modeling the aerodynamic loads. At 
each time step of the simulation, the aerodynamic loads acting on the system are 
computed based on the present configuration and are then used to evaluate the 
dynamic response. Bauchau (12) stated and showed that DYMORE can be utilized 
for modeling helicopter rotors. The accuracy of DYMORE in predicting the structural 
dynamics and the aerodynamic loads of helicopter rotors have been validated with 
existing test data (13)-(16). Utilizing DYMORE, the rotor topology shown in Figure 
1 is modeled. 
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Table 1. Basic rotor parameters. 


Number of Blades Airfoil Profile NACA 0012 


Rotor Speed, 2 Pitch-Flap Coupling | 11.9°, pitch up nose down 


Rotor Radius, R Chord, c 400mm, constant 
Hinge Offset, e Twist Rate 2°/m, linear, nose down 
Root Cut-out Tip Loss Factor 0.97 


Tension Link Pitch Lever „© Spherical Joint 
@ Universal Joint 
Al Sliding Joint 


Brevolute Joint 


Hinge Offset 


Composite Blades 


Lead-Lag Dampers 


Mast 
Pitch Link 


Rotating Swashplate = 


Fixed Swashplate 
Direction of 


Actuators Rotor Rotation 


Figure 1. Topology of the Helicopter rotor. 


Since the flexibility of the composite rotor blades is crucial for rotor dynamics, they are 
modeled using beam elements. The connection of the blades to the tension link and the 
pitch lever is done with a rigid interface. The tension link connects the blade to the hub 
via spherical joints that enable the articulation of rotor blades. The dampers are modeled 
using a spring and a dashpot with a spherical joint interface. The pitch link is modelled as 
a beam with spherical interfaces as they play an important role on the blade torsional 
mode frequencies. The fixed and the rotating swashplate are modeled as rigid bodies and 
the relative rotation is achieved using a revolute joint. The rotation of the rotor is 
achieved with a prescribed rotation and a scissor mechanism is used to transfer the rotor 
rotation to the rotating swashplate. The motions of servo actuators are prescribed so that 
the tilting of the swashplate, hence, the feathering of the blades can be controlled. For 
aerodynamic loads, a lifting line is defined from the blade root to the tip. As for the airfoil 
profile, NACA 0012 is selected, since it is the most frequently selected and investigated 
profile for rotor blades in the past (17). 


Reference axis systems used for rotors are as follows; the x-axis is parallel to the far-field 
stream, positive downstream; the y-axis is perpendicular to the far-field stream; the 
z-axis is parallel to rotor mast, positive up. The hub loads are obtained with respect to 
this axis system. For the blade, the x-axis is coincident with the feathering axis and posi- 
tive towards blade tip; the y-axis is coincident with chord line and positive towards lead- 
ing edge; the z-axis is positive up. Blade sectional loads are obtained with respect to this 
reference frame. The reference axis systems for the hub and the blades are shown in 
Figure 2. 
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(a) (b) 
Figure 2 . Reference axis system for (a) the rotor and (b) the blades. 


2.2 Blade cross-section design 

This study focuses on tailoring of composite rotor blades to achieve the optimiza- 
tion targets. Blade cross-sections are modeled by PreVABS and are analysed using 
VABS. PreVABS is a pre-processing software that can effectively generate high- 
resolution finite element modeling data for VABS by directly using design param- 
eters and composite laminate lay-up schema for rotor blades (18). Developed by 
Cesnik et. al (5), VABS can perform classical analysis for inhomogeneous, aniso- 
tropic beams with an initial twist and curvature having arbitrary reference and 
material properties yielding stiffness and mass matrices. Moreover, for a given 
loading, the three-dimensional stress and strain fields can be recovered using 
VABS (19). This study mainly deals with the structure of the functional region, 
which spans from 25%R to blade tip. The segment lying between the hinge offset 
and the beginning of the functional region is referred as the blade root and, in this 
study, the design of the blade root is taken as stiff and, during optimization, it is 
unchanged. 


The cross-section of the functional region consists of carbon-fiber, glass-fiber, 
honeycomb, and titanium. Carbon-fiber lay-ups are used for skin. Glass-fiber lay- 
ups are used for the spar and the inner/outer wraps. Lay-up configuration for spar 
is [0] where the blade span axis is taken as the 0-degree lay-up angle. For the inner 
wrap and the outer wrap, the lay-up configurations are both [£45]. Moreover, two 
walls are placed in between inner and outer wraps for fortifying the cross-section. 
Wall lay-up configurations are [+45/02/+45] glass-fiber. For avoiding crushing in 
the trailing edge zone, honeycomb is utilized. Titanium erosion shield is used for 
the protection of the blade from sand and dust abrasion. Nose block consists of 
0-degree glass-fiber material. The lay-up configurations for upper and lower sur- 
faces are identical to eliminate any coupling effects. A simple schematic is given in 
Figure 3. Composite material properties and their thicknesses are provided in 
Table 2. 


Skin Spar Outer Wrap Inner Wrap 


Erosion Shield 


Honeycomb 


oo J 


wall #2 


Nose Block 


Feathering Axis Wall #1 


Figure 3. Cross-section design of the functional region with FEM mesh. 
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For the evaluation of the structural integrity of the blade, maximum stress and max- 
imum strain approaches are used in the literature. Li et al. (4) used the stress 
approach for evaluating the structural integrity of the cross-sections; whereas, Isik 
and Kayran (22) used the maximum strain criterion for the optimization of the blade 
cross-section. In this study, maximum axial strain criterion is used for the strength 
evaluations. For the calculation of the strain, the centrifugal loading acting on the sec- 
tional center-of-gravity is considered. Since the functional region spans from 25% R to 
blade tip with identical cross-section design, the maximum centrifugal loading, Fc, 
occurs at 25% R and can be calculated as follows 


Fo = m Ry, (1) 


where, my, is the mass of the functional region and R; is the spanwise center-of-gravity 
position of the functional region measured from the hub center. 


For the calculation of Eq. (1), the rotor rotational speed is taken 125% higher to com- 
pensate for possible manufacturing defects, hot/wet conditions, material impurities, 
limit load considerations, and fatigue strength. Increased rotational speed also covers 
the forces and the moments other than centrifugal loading by creating a more conser- 
vative loading case. Moreover, the resulting centrifugal loading, Fc, is multiplied by 
a safety factor of 1.5 before strain calculations. 


3 DESIGN VARIABLES 


For the optimization of the rotor, six design variables are utilized controlling the shape 
of the cross-section of the blade in the functional region. The first two variables, xı and 
x2, define the chordwise locations of Wall #1 and Wall #2, measured from the feather- 
ing axis. The third variable determines the lay-up angle of the skin such that the lay- 
up configuration of the upper and lower skin is [£45/+x;/+45]. The integer variables, 
X4, X5, and xs, are used for the number of plies in the inner wrap, the spar, and the outer 
wrap, respectively. All variables are illustrated in Figure 4. 


Outer Wrap 
Spar 


Feathering Axis . o 


Figure 4. Illustration of design variables. 


inner-Wrap 


4 OPTIMIZATION OBJECTIVES AND CONSTRAINTS 


For the structural optimization of the rotor, several objectives and constraints are 
implemented. In the following sections, each objective and constraint are detailed 
where x, written in bold, refers to a vector containing the design parameters i.e. 
x= {21 ,X2,%3,%4,%5,x6}". The imposed constraints are handled using penalty function 
approach in which the optimization problem is penalized whenever a constraint viola- 
tion occurs. Using the objective and penalty functions, rotor objective function is cre- 
ated as follows: 
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objectives penalties 


i=1 


3 8 
Sarl) = SOA) +r pil)’ , (2) 
j=l 


where r = 100 is the penalty scaling factor used for strict constraint enforcement. The 
objective and the penalty functions are normalized such that their values lie between 
zero and one; hence, their weight on the rotor objective function is equal. Normaliza- 
tion factors used are found during the surrogate-based modeling phase and detailed 
in the corresponding section. Subscripts max and min refer to the maximum and the 
minimum attainable value for a parameter within the design space, respectively. 


4.1 OBJECTIVES 


4.1.1 Blade mass 
One of the objectives of this study is to minimize the blade mass m, while reducing the 
vibration levels. The objective function is defined as follows: 


f= E tine (3) 


Mb max — Mb,min 


4.1.2 Blade Vibration 

Reducing the blade vibratory loads is another target in this study. The loads acting on 
the blade are distributed and the reduction of blade vibration is achieved by the mini- 
mization of the maximum oscillatory load occurring along the blade span. Here, oscil- 
latory load refers to the half-peak amplitude of the resulting forces and moments at 
a blade section. The oscillatory force on the x-axis is disregarded, as it is difficult to 
control the oscillatory force created in the centrifugal loading direction. The resulting 
oscillatory force and moment combination is expressed as follows: 


tals) = (ROS + (EES + (misc) + (amps) + (mp), @ 


where L, represents the vibratory loading on the blade. The objective function for 
blade oscillatory load minimization is expressed as 


= Lp (x) aL Lb min 
Lb max = Lomin f 


f(x) (5) 


4.1.3 Hub Vibration 

Similar to the blade vibration objective, the hub vibration objective aims to minimize 
the oscillatory load components occurring at the center of the hub. The objective func- 
tion for hub vibration minimization is as follows: 


Lals) = yf (EE) + (FEO) + (FOY + y (Meo) + (MEY + (geen), © 


where L, represents the vibratory loading on the blade. The objective function for 
blade oscillatory load minimization is given as follows: 
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= Lh (x) = Lh min 
Lh max = Lh, min ` 


A(x) 


4.2 CONSTRAINS 


4.2.1 Frequency separation 

During a steady flight, the rotor blades undergo periodic aerodynamic and inertial 
loading; therefore, they are exposed to excitations at frequencies corresponding to 
integer multiples of the rotor rotational speed. One of the major approaches for rotor 
vibration reduction is to separate the blade natural frequencies from the excitation fre- 
quencies to avoid resonances. 


Blades are excited significantly up to frequencies tenfold of the rotor rotational speed, i.e. 
10/rev. However, the contribution of each excitation to the total vibratory load depends 
heavily on flight characteristics and rotor structure. In [15], Bilen et al. stated that due to 
resonances, significant vibration amplification can occur and the separation of frequen- 
cies is an effective measure for vibration reduction. In ideal conditions, where each nat- 
ural frequency can be tailored independently, it is desirable to place each natural 
frequency of the blade 0.50/r away from the closest excitation frequency for minimum 
amplification. However, since the frequency of each mode is structurally coupled and 
there are other constraints on the blade design and production, it is unlikely to achieve 
this target. In this study, the frequency separation is targeted to be we, = 0.20/rev. The 
penalty function for frequency separation is expressed as follows; 


o(a) -0s 
pie) = ES, loto) <e, (8) 
0, else 
5 
pi(x) = Do, Pui); (9) 


where œ; is the separation of the i-th blade natural frequency from the closest exci- 
tation frequency. In this study, the first five elastic blade modes are considered for 
separation where three of them are out-of-plane modes, one of them is an in-plane 
mode, and one of them is a torsional mode. The rigid modes do not contribute to 
vibration; hence, they are omitted. The natural frequencies are obtained under 
rotor operating conditions. 


4.2.2 Structural Integrity 

In this study, the maximum strain level over the cross-section in the spanwise direc- 
tion, s, is imposed as a constraint. The penalty function for the maximum strain level is 
taken as 


0, E(x) < Elim 
P(X) = $ sx)-e1m 


Emax—Elim ? 


elx) > Etim” (10) 


The maximum strain criterion is imposed on the carbon epoxy since it has the lowest 
ultimate tensile strength among other materials used in the blade cross-sectional 
modeling (23). Isik and Kayran (22) suggested that for carbon epoxy, the maximum 
longitudinal strain should be lower than £m = 5400 pe. 


4.2.3 Lock Number 
Determined by the ratio of the aerodynamic forces to the inertial forces, many rotor 
performance parameters can be related to Lock number, y (17). Higher Lock number 
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results in relatively higher aerodynamic forces on the blade causing higher flap 
motions of the blade (17). Calico (24) showed that the higher the lock number, the 
higher the tendency for the rotor blades to be unstable. Moreover, a low Lock number 
decreases the unnecessary flapping leading to improved fatigue lives of rotor compo- 
nents such as flapping bearings. In this study, Lock number below y,,,, = 10 is targeted. 
The penalty function is defined as 


0, WAX) < Viim 
D3(X) = $ y(x)-y ‘ 11 
3( ) 72) 4 y(x) > lim ( ) 


4.2.4 Torsional Deformation 

The tennis racket effect, the tension-torsion couplings of composite blades, and the 
aerodynamic moments generated by cambered airfoil sections are the main causes 
of the torsional deformation of the blades. This effect can be investigated in two 
parts: mean and cyclic (sinusoidal, once-per-revolution) deformations. Under tor- 
sional deformation, the blade feathering motion, dictated by the pilot to maneuver 
the helicopter, is degraded. The loss leads to an unnecessary increase in the pilot 
control to account for the deformation. Therefore, the blade needs to be torsionally 
tailored to compensate for this deformation. In this study, it is targeted that the 
mean and the cyclic deformations at 75%R do not exceed jim = Ôi Jim = 1.5°. The 
penalty functions are expressed as follows: 


0, |8o (x)| <0 ,tim 
X) = $ [0(x)|—O im ae 12 
Pee f poras , Lo] bojm ua) 
0, 01 (x) < O1 Jim 
x= =O1 lim , 13 
Ps(x) qe 0i (x) = Oi Jim (13) 


4.2.5 Flutter 

One of the instabilities that helicopter rotor blades can encounter is flutter, which is 
an aeroelastic instability involving coupled bending and torsional motion of the 
blades (17). This phenomenon can be avoided by bringing the sectional center-of- 
gravity, ycc, Closer to the leading edge than the sectional aerodynamic center (17). 
Moreover, the sectional shear center, ysc, also plays an important role in flutter phe- 
nomenon, and the distance between aerodynamic center and ysc should be min- 
imum. ycg and ysc are measured from the feathering axis and the positions on the y- 
axis are considered only due to sectional symmetry about y-axis. The penalty func- 
tion for ycg is defined as follows: 


YCG,max 


p(x) = 


Yoo (X)=YeG max À ycG (x) <0 (14) 
0, — yea(x) 2 0 


For NACA 0012, the aerodynamic center can be assumed to be on the feathering axis; 
therefore, the penalty function for ys- becomes 


lysc(x)|=Yscmax 
P7 (x = = oa : ysc(x)]0 (15) 
0, sc(x)| > <0 
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4.2.6 Position of sectional neutral axis 

For cross-sections with anisotropic materials, it is likely that the neutral axis, yya, and 
ycg do not coincide. The centrifugal loading acts on the ycg; hence, the offset between 
yna and ycg Creates a steady bending moment under constant rotor rotational speed. 
To reduce the bending moment, it is targeted to minimize the distance between ycq 
and yuu, i.€., ynacg- The penalty function is defined as 


) = [Yna (x) — yea(x)| r 


ps(x 
YCGNA,max 


(16) 


5 INTEGRATION OF PARAMETER SENSITIVITY 


In this study, helicopter rotor vibrations are minimized; also, during the optimization 
process, an insensitive design point is searched. To achieve this, a finite-difference 
based approach is implemented. The optimization process is numerical and the opti- 
mization problem cannot be expressed explicitly; therefore, the sensitivity at a design 
point can be estimated using numerical differentiation. In Figure 5, an example par- 
ameter sensitivity calculation for f(x) at point x is illustrated. 


f(x) 


D_fi(X) 


AX; Ax; 


Figure 5. Illustration of sensitivity calculation. 


The sensitivity for an i-th dimension at point x is defined as the difference between the 
perturbed point and the original point and it can be calculated by forward and back- 
ward numerical differentiation using the following formulations 


DA) =f + xi) -f 0), (17) 
D_fi(x) =f(¥ — xi) —f), (18) 


where D is the differentiation operator, D,f, is the forward differentiation, D_f is the 
backward differentiation, i is the dimension of differentiation, and x; is the perturbation 
vector. The perturbation vector x; is constructed by perturbing the i-th dimension 
while the rest is zero. 


Figure 5 shows that single forward or backward differentiation might underestimate 
the actual parameter sensitivity since a deviation can occur towards either way at any 
point within the specified perturbation interval. Hence, the differentiation is made at 
additional increments to minimize potential underestimation. For this study, the per- 
turbation interval is divided into four discrete points on each side. The points, at which 
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the differentiations are calculated, are illustrated in Figure 6 and the formulation for 
differentiation can be written as follows 


Dyfi(x) f(x+4x) fo) j= —4,—3,..., 43,44, (19) 


x——Ax; x— 7 Ax; a 


x — Ax; 
x-ZAx; x+7 Ax; x+ 7 Ax, 


Figure 6. Illustration of differentiation points. 


Additionally, at specific points, the function differentiation values might become 
negative; hence, to be conservative, the absolute values are considered. There- 
fore, in this study, the sensitivity of the objective function for the i-th dimension is 
calculated as 


Df;(x) = max(|Dyfi(x)|) j = —4,-3,..., +3, +4. (20) 


The total function sensitivity is found using 


Dy (x) = $ file), (21) 


where N is the problem dimension and Df(x)denotes the sensitivity of f(x) at x. Since this 
study focuses on minimizing the objective function along with its sensitivity to the design 
parameters, Eq. (21) can be regarded as an additional objective function to be minim- 
ized. To be conservative, regardless of how large the perturbation magnitude is, each 
sensitivity value calculated within the perturbation range has equal weight on the calcula- 
tion. In other words, a uniform probability distribution is assumed. 


6 PREPARATION OF SURROGATE-BASED MODELS 


In the preliminary design stages, the assessment of vibration requires high-fidelity 
models and solutions (25). Moreover, the achievement of minimum vibration is frequently 
done through optimization, which requires numerous analyses of the helicopter rotor 
with various design alternatives. Therefore, the process can be overwhelming in terms of 
computational time and effort. To reduce optimization times, surrogate-based models are 
utilized using a set of sample points, which are obtained by discretizing the design space 
in a grid manner. Each design variable has four discrete points, and through the combin- 
ation of these points, 4096 points are sampled. In Table 3, the discrete points of design 
variables are given. 
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Table 3. Discretization of design variables. 


Lower Upper 
Boundary | Boundary 


Variable Description Discrete Points 


xı Wall #1 37 54 20 71 
Location 


Wall #2 -50 
Location 


Skin Lay-up 
Angle 


Number of 
Inner Wrap 
Plies 


Number of 
Spar Plies 


Number of 
Outer Wrap 
Plies 


For each set of design points, the rotor undergoing a high-speed forward flight is ana- 
lysed. Suitable pilot inputs are introduced to the rotor for realistic blade feathering 
motion. At the end of each analysis, the parameters given in Table 4 are calculated 
and recorded. Eventually, a set of sample points is generated. Using the recorded 
parameters below, the objective and the penalty functions, described previously, can 
be calculated. 


Table 4. Recorded parameters. 


Parameter Description Parameter | Description 


m(x) Blade Mass (x) Mean Torsional 
Deformation 


Blade Vibration 01 (x) Cyclic Torsional 
Deformation 


Hub Vibration yca(x) Sectional Center-of- 
Gravity Position 


Blade Elastic Natural ysc(x) Sectional Shear Center 
Frequencies Position 


Maximum Spanwise ycana (x) Difference between ycg 
Sectional Strain and yya 


Lock Number 


Once the sample set is prepared, surrogate-based models are constructed for each 
recorded parameter using Gaussian Process Model (GPM). For GPM fitting, Matlab®’s 
Model-Based Calibration Toolbox is used (26). Bilen et al. showed that utilization of 
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surrogate-based modeling provides accurate predictions of the recorded parameters 
and the prediction error is below 3% for most of the cases (27). 


Since the sample data set used for surrogate-based modeling encapsulates the design 
space, it also gives an idea about the maximum and minimum attainable values of the 
recorded parameters, which are summarized in Table 5. These results are used for the 
normalization of objective and penalty functions mentioned in the previous section. 


Table 5. Minimum and maximum attainable values for the recorded 
parameters. 


Minimum Maximum Minimum Maximum 
Value Value Value Value 


Mb min Mb max Emin Emax 


Lb,min Lh max Vmin Ymax 


Lhmin Lh max o,min max 


1 min 1 max Oi min Oi max 


©2,min ©2,max YCG,min YCG,max 


©3,min 03 max YSC,min YSC,max 


@4,min 4, max YCGNA,min YCGNA,max 


©5,min 5 max 


In Figure 7, the objective function, f(x), and corresponding sensitivity values, Df(x), 
are plotted for the sampled data set. The values for both f(x) and Df,,(x) are in the 
similar order of magnitudes; therefore, there is no need to normalize Df,,(x). More- 
over, as f(x) decreases, the sensitivity at that point also decreases, indicating that, 
for the problem at hand, the minimization of the objective function tends to reduce its 
sensitivity. This is because the summation of objective functions can attain the theor- 
etical value of 3 at most, i.e. max(3~“(x)) =3, and the rest of the values comes from 
the summation of penalty functions. At the higher objective function values, the con- 
tribution of the penalty functions increases quadratically as formulated in Eq. (2); 
hence, the objective function becomes more sensitive to the variable deviations. 


Dfrer (x) 


0 100 200 300 400 
frr) 


Figure 7. Objective Function and its sensitivity at sampled data points. 
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7 OPTIMIZATION PROBLEM 


The optimization problem consists of the vibration and the blade mass minimization 
objectives, and several constraints to satisfy. Moreover, this study deals with the sen- 
sitivity of design parameters as an additional objective. To integrate the sensitivity, 
the following formulation is constructed 


(x) = whrir(x) + (1 = w)[Dfrr()] (22) 


where ¢(x) is the augmented objective function containing the rotor and the parameter 
sensitivity objective functions and w is the weight coefficient in the interval of [0, 1]. 
The parameter sensitivity objective function is calculated using Eq. (21) as follows 


N 
Dfi) = X Dfrr (x), (23) 
i=1 


where 


Dfri(x) = max(|Djfrrj(x)|) j= —4,-3,-.., +3, +4. (24) 
By changing the weight coefficient w, the contribution of each function to the overall 
objective function ¢(x) can be changed. For w = 1, the sensitivity of the optimization 
problem to parameter deviations is disregarded; while for w = 0, the least sensitive 
design point is searched. The augmented objective function ¢(x) can be calculated 
by estimating the recorded parameters at requested design points using surrogate 
models and subsequently evaluating the objective and the penalty functions. 


For wall locations x; and x2, +2mm perturbations are used. The lay-up angle, x3, is 
perturbed with +5°. For the number of plies variables, x4, xs, and x«, it is unlikely to 
manufacture with the wrong number of plies. However, the thickness of the plies 
may change slightly. To account for this, +10% of a ply thickness is used for per- 
turbations. Whenever a design variable is at its design boundary, the surrogate- 
based models are allowed to extrapolate outside the boundaries assuming that 
for small perturbations, the extrapolation does not introduce large prediction 
errors. 


8 RESULTS AND DISCUSSION 


The optimal design points, for given w, resulting in minimum augmented objective 
function value o (Xen) are recorded, where x,, refers to the global minimum. To observe 
the effect of the weight coefficient on the sensitivity of f(x) and corresponding opti- 
mal design points, w is incrementally increased to various levels in the interval of 
[0, 1]. For each w, the optimization is repeated for at least 50 times to ensure the 
global minimum achievement. Matlab®’s Genetic Algorithm Toolbox is used as the 
optimization algorithm. 


In Figure 8, the change of 4(x¢s), fir(Xes) and Dfi(xgb) with w is provided. As w 
increases, the importance of the rotor objective function on the overall result 
increases since the optimization routine spends the available variable resources to 
minimize f,(x). In parallel with this, the rotor objective function becomes more sensi- 
tive to the parameter variations. For w=0, where the most insensitive design is 
sought, the sensitivity is approximately 0.41; whereas, for w = 1, where sensitivity is 
disregarded, Dfii (Xg) becomes 2.29. This indicates an order of magnitude increase in 
the sensitivity of the rotor objective function. While w increases, f'n (Xg) and Dfi (xg) 
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do not present a continuous trend; on the other hand, (Xgp ) shows a more continuous 
trend. When w=0, the rotor optimization objective function fi(xgs) becomes 5.30; 
whereas, for w = 1, the value becomes 2.41. The change in the rotor objective function 
is much less compared to the change in the sensitivity objective function. The major 
jumps for f» (xg) Occurs for the weight coefficient between [0, 0.4]. After w = 0.4, the 
addition of sensitivity to the overall optimization problem does not affect the results 
significantly. 


Although the optimization routine does not consider the rotor objective function for 
w = 0, the resulting f» (xg) is relatively small when compared to the range of values it 
can attain, as shown in Figure 7. As the rotor objective function increases, it also 
becomes more sensitive to the perturbations. Therefore, the optimization routine 
unintentionally attempts to reduce the rotor objective function value along with the 
sensitivity objective function. 


In Figure 9, the change of the objectives and the sum of penalty functions with the 
weight coefficient are presented. While w increases, the objective functions for the 


—0— (xy) 
i frer (gb) 
frtr(Xgb) WW Dfrtr(Xgb) 


\ 


Function Value 
Ww 


Dfrtr (gb) 


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
Weight Coefficient, w 


Figure 8. Change of ¢(xe»)r fir(xgo) ANd Df (xg) With weight coefficient. 


blade and the hub vibrations present an increasing trend, as well. On the other 
hand, the blade mass objective function decreases with an increasing weight coeffi- 
cient. For all weight coefficients, the penalties are almost satisfied with slight and 
acceptable violations. Similar to blade vibration objective function, increasing w 
leads to decreasing penalty function values. This is because the contribution of the 
penalty functions to the rotor objective function is significant due to the penalty 
scaling factor r. 


The actual values used for the calculation of objective functions can be compared, as 
well. For w= 0, the blade mass is 49.5kg and for w = 1, it becomes 47.0kg indicating 
a slight decrease of 5%. For the blade vibration, the change is almost zero, it increases 
from 4,503N to 4509N for w=0 and w=1, respectively. The hub vibration increases 
from 12,677N to 12,999N and the corresponding percentage change is 2.5%. This 
shows that while the rotor objective function value increases with the addition of 
Df (xg) as an Objective, the change in the actual physical values remain small. The 
rotor optimization was able to reduce the hub vibrations close to its minimum attain- 
able value. The blade vibrations are slightly higher and the least minimization is real- 
ized with blade mass. 


For the design variables, Figure 10 presents the change of normalized design variables 
with the weight coefficient. The largest change occurs for xs which corresponds to the 
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Figure 9. Change of rotor objective and sum of penalty functions with weight 
coefficient. 


number of spar plies. For xı, x4, and, xs, the change is moderate. The number of the 
inner and the outer wrap plies, x, and xs, increased by one. In addition, the lay-up 
angle variable only varied within 2% range. 


In Figure 11, the change of rotor objective function with variable perturbations are 
given. The results are presented for w = [0, 0.4, 1], since these are the major values rep- 


—O— x51 

—E x02 
3 0.8 a x53 
E 0.6 A— Xgb,4 
= — %gb,s 
E 0. id Xgb,6 
z 


0.4 0:5 0:6 
Weight Coefficient, w 
Figure 10. Change of normalized optimal Design variables with weight 
coefficient. 


resenting the sensitivity objective function trend. The percent changes are calculated 
using the formulation below. 


fir (Xep +x) F 
Sr (x, = —-—_—_— —- 1] x 100i = 1,2,...,6, (25) 
t ( ab) | (tess 


where rw (Xe6) |, represents the change of rotor objective function with design variable 
variations, w is the weight coefficient at which the optimal values, xg», are obtained, x; is 
the perturbation vector. Although affected by the change of the weight coefficient, the 
contribution of the design variables, except for x3, to the sensitivity objective function is 
within 3%. However, for x3, the sensitivity of the rotor objective function f,,,(x) is signifi- 
cantly large. For w = 1, the rotor objective function changes up to 86%; whereas, as the 
weight coefficient increases, the contribution of the sensitivity increases and the rotor 
objective function becomes less sensitive to x3 deviations. For w = 0, the change is -5% at 
most. Although perturbation of /,,(x.,) may result in a decrease in the function value, the 
perturbed point becomes more sensitive to parameter variations. Therefore, the method 
presented in this study opts for the least sensitive region in both increasing and 
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decreasing directions. Figure 11 shows that it is necessary to include the additional points 
within the perturbation interval. For the variable x; and w = 0, the most change occurs 
approximately at —x;/2, signifying the importance of the method proposed in this study 
for the calculation of the sensitivity. The rotor objective function fin (xg») is most sensitive 
to skin lay-up angle variable x; which affects all of the recorded parameters except the 
blade mass, m,, and center-of-gravity location, yc. 


In Figure 12, the percentage change of the rotor objective functions and the sum of 
penalty functions with 4x; is presented. The percentage change is calculated using 
a similar approach used in Eq. (25). As expected, the blade mass minimization object- 
ive function, fi (x), is insensitive to x; variations. However, the blade and the hub vibra- 
tion objective functions f)(x) and f(x) are affected from this variation approximately 
5% and -8%, at worst, respectively. For the blade mass and vibration objective func- 
tions, the variations are almost independent of the weight coefficient. However, as w 
increases, the hub vibration objective function becomes more sensitive to variations. 
The most significant change occurs for the sum of penalty functions, $” (x,,). For 
w = 1, the change becomes 160% at most, indicating a remarkable increase in the vio- 
lations of the penalty functions. As w increases, the variation decreases due to the 
inclusion of the sensitivity to the overall objective function (x). The percentage 
change becomes 5% for w = 0, at most. 
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Figure 11. Change of rotor objective function with variable perturbations for 
different weight coefficients. 
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Figure 12. Change of rotor objective functions and sum of penalties with x, 
perturbations for different weight coefficients. 


9 CONCLUSION 


One of the main tasks of helicopter rotor design engineers is to minimize the heli- 
copter rotor vibrations during the design stage. However, the optimal points deter- 
mined might not be realized during the production stage. The deviation of the 
manufactured rotor from the designed rotor may lead to an increase in the vibration 
and/or the violation of the imposed constraints. In this study, the sensitivity of the 
rotor optimization objective function to such deviations is investigated. For this 
purpose, a rotor objective function is constructed. This function incorporates rotor 
and blade vibrations, and blade mass minimization. Moreover, several constraints 
are imposed to ensure satisfactory rotor performance. The integration of sensitivity 
is achieved first by perturbing each design variable and recording the change in the 
objective function. To minimize the potential underestimation of sensitivity, add- 
itional points are defined within the perturbation interval. The point resulting in the 
highest deviation is defined as the sensitivity of that design point. Finally, an add- 
itional objective function related to the sensitivity is derived to be minimized along 
with the rotor optimization objective function. To evaluate the contribution of the 
parameter sensitivities, a weight coefficient is used to control the relative contribu- 
tion of the rotor and the sensitivity objective functions. Based on the outcomes of 
this study, the following conclusions can be drawn: 


a) Optimal design of helicopter rotor structures may require very accurate pro- 
duction of rotor components which may lead to tight tolerances and increased 
cost. 

b) Deviation from optimal design may lead to increased rotor vibration and/or 
constraint violations. To overcome this problem, an insensitive region can be 
searched along with rotor vibration minimization. 

c) The sensitivity of a design point can be calculated by perturbing the rotor opti- 
mization objective function for each design variable. To capture the nature of 
the rotor optimization problem within the perturbation range, additional per- 
turbation points can be used. 

d) The optimization results show that it is possible to achieve insensitive 
regions through the addition of the sensitivity objective function. Moreover, 
the contribution of the sensitivity can be controlled by using a weight 
coefficient. 
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d) As the contribution of sensitivity increases, the rotor objective function value 
at the optimal point also increases; however, the sensitivity of the problem at 
that point decreases. 

d) When the weight coefficient is selected such that only the least sensitive 
design is sought, it is possible to achieve a relatively small rotor objective 
function value. This is due to the fact that as the rotor objective function value 
increases, it also becomes more sensitive to the parameter variations. 
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ABSTRACT 


The linearised force coefficients method (LFCM) has traditionally been used to study 
the stability and compute the Campbell diagrams of rotor/foil-air bearing (FAB) sys- 
tems, despite reported disagreement with low-amplitude dynamics of the nonlinear 
system. In this paper, a new approach for extracting the Campbell diagram from the 
Jacobian matrix of the nonlinear state-space model that simultaneously couples the 
rotor, air film and foil structure domains is used for the first time in a parametric study 
into the effect of variability in clearance shape and bump foil stiffness distribution in 
foil-air bearings. The results provide guidelines for improved foil-air bearing design 
that raises the onset of instability speed. 


1 INTRODUCTION 


Experimental and numerical analysis show that the clearance and foil stiffness in foil- 
air bearings (FABs, also known as gas foil bearings, GFBs) play significant roles in the 
smooth operation of FAB-rotor systems since the system's onset of instability speed 
(OIS) varies significantly with varying nominal clearance and/or foil stiffness. The OIS 
is the speed at which the system becomes unstable with respect to small (linear) per- 
turbations about its static equilibrium configuration, resulting in self-excited subsyn- 
chronous vibrations. 


Lai et al [1] found that, for a turboexpander running on multi-decked protuberant 
GFBs with uniform radial clearance (i.e. circular clearance profile), a smaller radial 
clearance resulted in the subsynchronous vibrations being suppressed, although 
undersized clearance resulted in thermal runaway. Sim et al [2] similarly found that 
increasing the radial clearance of a circular profile FAB resulted in the reduction of the 
OIS, but the use of a lobed clearance profile can result in a delay in OIS for the same 
minimum clearance. A lobed clearance profile is defined by the mechanical preload, 
which is the difference between the nominal and minimum radial clearances [2] (the 
nominal clearance being the maximum clearance of the lobe). The lobed shape (typic- 
ally with three lobes that are circumferentially equi-spaced) can be achieved either by 
shaping the bearing housing in this way, as done by Sim et al [2], or by the insertion of 
shims between the foil and the bearing housing at (typically three) equi-spaced cir- 
cumferential locations [3-7]. The introduction of mechanical preload has the added 
benefit of enhancing the bearing load capacity [7], as is also the case when reducing 
radial clearance in a circular bearing [8], but this can come at the cost of increased 
friction torque unless the correct combination of preload and nominal clearance is 
used [2]. 
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The main focus of the present study is the stability as defined above. Although it has 
been shown that a preload (shim thickness) of magnitude comparable to the nominal 
clearance (e.g. shim thickness 25 um vs nominal radial clearance 32 um) has the 
effect of delaying the OIS and suppressing subsynchronous in the unbalance response 
[5, 7], to the author’s knowledge, no parametric study has been done so far that con- 
sidered shims with different thicknesses and identified the optimum thickness. The 
present study addresses this gap and will also look into the effect on stability of intro- 
ducing variability in the foil stiffness distribution. 


NASA's researchers DellaCorte and Valco [9] categorised FABs into three different 
generations (I, II and III) according to their load capacity. These three generations 
are primarily distinguished by their foil structure design. Generation I bearings 
(1960's - 1970’s) have a load capacity coefficient (defined in [9]) between 0.1 and 
0.3 and their foil geometry is essentially uniform in both the axial and circumferen- 
tial directions, leading to more or less uniform stiffness characteristics. Generation 
II bearings (1970's - 1980’s) have a load capacity coefficient between 0.3 and 0.6 
and the stiffness of the foil support structure varies in one direction - either axially 
(along the bearing length) or in the circumferential direction. Generation III bear- 
ings (1990's) have a load capacity coefficient between 0.8 and 1.0, and allow for 
both axial and circumferential tailoring of compliance in order to enhance bearing 
performance. The work in [9] focused on load capacity, but later work by Kim [10] 
also investigated theoretically the dynamic performance with variable stiffness dis- 
tribution, considering four types of bump-foil type bearings: uniform radial clear- 
ance (circular) bearing with single foil pad of uniform stiffness; circular single-pad 
bearing with stiffness variation in the axial direction; lobed clearance (preloaded) 
bearing with three pads of uniform stiffness; preloaded three-pad bearing with pad 
stiffness variation the circumferential direction. Hence, for the circular single-pad 
bearing, stiffness variation in the circumferential direction was not considered in 
[10]. However, more recent theoretical work by Nielsen and Santos [11] can be 
regarded as involving stiffness variability in the circumferential direction since it 
investigated the effect of removing a section of the bump foil which supports the 
top foil (see Figure 1). The large sagging effect in the unsupported area creates 
a “shallow pocket” similar to that found in lobed bearings [11]. It was shown in [11] 
that proper placement of the unsupported area results in the elimination of the sub- 
synchronous vibrations associated with large unbalance. Paradoxically however, it 
is also reported in [11] that this resulted in a slight reduction in OIS relative to the 
unmodified design (note that OIS is defined for the “no unbalance” condition). The 
best placement of the unsupported area was also the most heavily loaded region. 
The researchers in [11] say that this may be an issue and recommend an investiga- 
tion into the stresses in the top foil. 


A linearisation method provides a fast means of computing the stability and modal 
characteristics (including Campbell diagrams) of free perturbations of rotor systems 
in a parametric study involving different bearing designs. Up to now, the linearisation 
method used in studies on variable clearance and stiffness e.g. [10, 2, 7] has been 
the linear force coefficients method (LFCM), which was originally introduced by Lund 
[12] for rigid sleeve fluid bearings and adapted to foil bearings by Peng and Carpino 
[13]. However, it has been well documented e.g. [10, 14, 15] that the use of the 
LFCM (which works in the frequency domain) to FABs results in disagreement with 
low-amplitude dynamic analysis of the nonlinear system using the more time con- 
suming approach of numerical integration in the time domain (for the orbit 
response). In fact, the aforementioned work by Kim [10] reported that the OIS 
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predictions by LFCM were much lower than those determined from the orbit 
responses (which are the correct ones). Later works [14, 15] reported lower discrep- 
ancies, which nonetheless persist and increase with increasing foil compliance. The 
study in [15] provides evidence that these discrepancies are due the inaccurate con- 
sideration of the foil deflection in the linearisation process for the bearing force coef- 
ficients. Also, it is noted that the LFCM requires a spring-damper model for the foil, 
which means it is unsuited to more complicated foil models, which is why only time 
integration was used in the aforementioned study by Nielsen and Santos [11] (which 
used a bilinear model for the foil). The linearisation approach introduced by Bonello 
and Pham in [16] avoids the use of bearing force coefficients since it is based on the 
Jacobian matrix of the nonlinear dynamical system (i.e. the coupled rotor/air film/ 
foil equations). It therefore eliminates the aforementioned errors associated with the 
LFCM, and is thus perfectly consistent with the results of low-amplitude orbit 
response simulations, while being much faster [16-18]. The linearisation approach 
in [16] was initially used for the determination of the OIS only, but it has recently 
been developed by Bonello [17, 18] to provide a full modal analysis (including Camp- 
bell diagrams). 


The novel contribution of this paper is therefore the use of a proven robust linearisa- 
tion method for stability and modal analysis [17, 18] in a parametric study of the 
design of a single-pad FAB which considers: 


e different preloads; 
e foil stiffness variation in the circumferential direction. 


2 DYNAMICAL SYSTEM MODEL 


Figure 1 shows the FAB-rotor system considered, which is the same as that in [17]. 
The system parameters can be found in Table 1. 


m spot weld for foil 


i bump foil 


Figure 1. System considered: (a) symmetric rigid rotor-FAB system; (b) 
single-pad 1st generation FAB (configuration shown has a clamped leading 
edge/free trailing edge, as in [11]). 
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Table 1. FAB-rotor system parameters. 


FAB-rotor system parameters 


Air viscosity u (Ns/m7) 1.95 x 1075 


Air atmospheric pressure, pa (Pa) 101,325 


Damping Loss factor, 7 0.25 
Rotor half-mass, M (kg) 3.061 


Nominal radial clearance, c (m) 32 x 1076 


Bearing radius, R (m) 19.05 x 10-3 


Bearing length, L (m) 38.1 x 10-3 


Bump radial stiffness/Projected area, Ky (N/m?) | 4.739 x 10? (nominal value, Kb nom) 


The governing system of equations comprises the state-space (i.e. time-based first 
order differential) equations of the air film, foil structure and rotor and can be 
expressed in state-space form as [17, 18]: 


s = x(t, S) (1) 


where () denotes differentiation with respect to the time variable z, s is the state 
vector which contains state variables from all three domains (air film, foil and rotor), 
and y is a vector of nonlinear functions of z and s. The specific form of eq. (1) for the 
symmetric rigid rotor-FAB system considered in Figure 1 is: 


1 


Zre(Y, W, £) 


_ | 2(Peo (yw, 8)/(cKs) — w)/n és 
€ 


wo {fu(z) +f, + fy(w, W, £)} 


Om Ee 


where t = Qt/2 (Qbeing the rotational speed) and the subvectors wy, w, («,8’) respect- 
ively contain state variables relating to the air film, the foil, and the rotor, where 
e=[x/ce y/c]' is the journal eccentricity vector (c being the nominal radial clearance of 
either FAB). 


In eq. (2), fu, fs, fy are 2 x 1 vectors containing the Cartesian components of the unbal- 
ance force, static load and air film force respectively, acting on one half of the symmet- 
ric rotor of total mass of 2M. 


The second row of eq. (2) gives the equation governing the deflection of the single- 
pad foil structure, according to the simple equivalent foundation model (SEFM), which 
only considers the stiffness and damping of the bump foil for the purpose of determin- 
ing the local radial deflection w of the top foil (i.e. top foil sagging in-between bumps is 
neglected, as is top foil detachment from the bump foil). It is additionally assumed 
that w is a function only of the angular coordinate 9. w is the Ny x 1 vector of values 
w; = 0(9)), Fence w=w/c and 6, j= 1,...,Nọ, are discrete values of 6 according to the 
Finite Difference (FD) grid used to discretize the Reynolds Equation (RE). K is the stiff- 
ness per unit area of the bump foil and the equivalent viscous damping coefficient is 
assumed to be Céamp,eq = Koy/Q. Pgo is the vector of the averages of the gauge pressure 
Pz Over the axial direction for discrete values of 6. 
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The first row of eq. (2) is the FD-discretised form of the RE [19]. The RE is formulated 
in terms of the combined state variable y = ph where ù and À are the non-dimensional 
air film pressure and thickness at a position (¢, 86) where é is the non-dimensional axial 
coordinate. The FD grid has Nz x Nọ points spaced by 4é, 40 in the axial and angular dir- 
ections respectively, where č = č; i= 1,...,Ng and 0 = 0j, j= 1,...,No. Hence, in eq. (2), 
y is the NzNo x 1 vector of variables y;; = y(¢;,8;,t). The grid covers only half the axial 
length of the FAB due to symmetry. The atmospheric pressure constraint y = h is 
applied at the weld location (Figure 1) and therefore the air film model used is that 
described as “finite 6” in [19]. Additionally, the Gumbel condition [19] is applied 
wherein subatmospheric gauge pressures are disregarded when integrating p, for fy. 
The Gumbel condition is an assumed correction for the detachment of the top foil that 
is frequently used e.g. [11, 14, 15]. It should be noted however that while it has been 
shown to be satisfactory for single-pad FABs operating with a clamped leading edge/ 
free trailing edge (CLE/FTE, as shown in Figure 1b) [11], it may not be appropriate for 
a free leading edge/clamped trailing edge (FLE/CTE, which is the typical operating 
mode of single pad FABs) [19]. 


Eq. (2) can be analysed for the following: 


a) The nonlinear response using transient nonlinear dynamic analysis (TNDA), which 
involves numerical integration from prescribed initial conditions s(t = 0); 

b) Free linearised vibration about the static equilibrium configuration s = sg at a given 
rotational speed Q, to determine the onset of instability speed (OIS) and the 
Campbell diagrams. 


This paper is concerned with the analysis of type b) applied to variable clearance and 
variable stiffness. These variations are described in section 3. The remainder of this 
section gives an overview of the linearisation procedure. 


Following [17, 18], the static equilibrium condition s = sg can be obtained by setting 
s = 0forf, = 0 in eq. (2) and solving the resulting set of nonlinear algebraic equations 


x(0, 8) |, <0 =0 (3) 
The equation governing small (linear) free perturbations As about s = sg is obtained by 


substituting s = sg + As into eq. (1) and expanding the right hand side using the Taylor 
series, retaining only first order terms: 


(As) = J(As) (4) 


where J is the system Jacobian, defined as 


Os Osn, 
a ! d 
T= a =]: 7. : (5) 
6s) Osn, fu =0,s=se 
where s= [sı sy.) x= [Mo xn] The general solution of eq. (4) is of the 
form 
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Ns 
As = 5 Cyvpe™! (6) 
k=1 


where J; denote the eigenvalues of J, v; the associated eigenvectors and C, arbitrary 
scalars. In practice, only the oscillatory part of eq. (6) is of interest and this is com- 
prised of N, pairs of complex conjugate eigenvalues 1, re£J4n 1m, Anim >0 (n= 1... N,) and 
associated conjugate eigenvectors p™, p™*. The damped natural circular frequency, 
equivalent viscous damping ratio, and the undamped natural circular frequency of 
oscillatory mode no. n are given by 


à 0.5 0.5 
Wan = QìnIm/2, Cn = —AnRe/ (Bre eo win) s Wu, = Wan/(1 = Z) (7a, b, c) 


The OIS is the speed for which the damping ratio ¢, of one of the oscillatory modes 
becomes negative, marking the initiation of self-excited vibration (Hopf bifurcation) 
[18]. As shown in [17, 18], for the vast majority of the N, oscillatory modes, the vibra- 
tion of the journal is negligible relative to that of the foil pad. On the other hand, the 
Campbell diagram is only concerned with modes involving significant rotor vibration 
(whirl). Hence, for the purpose of extracting the Campbell diagram from the eigenfre- 
quency vs speed map, a filtering technique is applied. As in [17, 18], each eigenvector 
is scaled so that the greatest vibration amplitude within the FAB, considering both pad 
and journal, is 20% of the nominal radial clearance, and the scaled mode is rejected if 
the amplitude of the journal vibration (average of x, y vibrations) it is not greater than 
10% of this. A filtering criterion based on an upper limit for ¢, may additionally be 
applied where appropriate (¢,, <0.7 in this paper). 


3 MODIFICATIONS TO CLEARANCE AND FOIL STIFFNESS PROFILES 


3.1 Variable clearance shape 
Based on the assumptions stated in the previous section, the non-dimensional air film 
thickness is given by the following expression 


> cs(0)  q[cos8 K 

—e Pa + w(0) (8) 
where c(8) is the function defining the actual clearance including the effect of the 
shimming. This latter function is assumed to follow the following form: 


e(O) =c — 2 {1 + cos(N(0 — 0u) + 2)} (9) 


where N is the number of shims (taken to be odd) and y is a chosen value of 6 where 
c(0) = c, the nominal radial clearance (i.e. 8 = 4 is a location which is unaffected by 
the shimming). Figure 2a illustrates schematic views of the modified FAB for N = 3 
shims and 6, = z/2 (i.e. the weld location). Figure 2b shows the corresponding func- 
tional variation of c, for a nominal clearance (c) of 32 um and shim thickness values t, 
ranging from 0 to 25 um; for the latter shim thickness it is seen that the actual radial 
clearance is reduced to a minimum of 7 um at three equi-spaced circumferential 
locations. 
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spot weld for 
foil 


y 


(a) 


foil profile before shims 
insertion 


foil profile after 
shims insertion 


(b) 


c (8) in microns 


Figure 2. (a) Modified shimmed FAB (for illustration only). (b) Effect of vari- 
ability in clearance shape in foil-air bearings (f = 0 — z/2). 


3.2 Variable stiffness distribution 

In this part of the analysis, it is assumed that the stiffness per unit area of the pad Kp 
is a function of the angular coordinate 4. Similarly to the approach taken in the previ- 
ous section with respect to shimming, the assumed functional variation of K, is taken 
to be such that the stiffness has maximal deviation of AK, from the nominal value 
Kpnom at N circumferential locations (N assumed odd). Two cases are considered, as 
follows: 


Case 1, AK, > 0: 


K (0) = Ko nom id AKycos[N(O = Oup)]; Kb nom + AKycos[N(6 = Oup )] > Ko nom (10) 
? Kinom, Ko nom zg AKpcos[N(0 = Oup)| <Kob.nom 
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Case 2, AK, < 0: 


K,(0) = Kpnom + AKycos[N(6 — Omp)], Konom + AKpcos[N(6 — Omp)] < Ko.nom (11) 
z = Kp nom; Ky nom + AK,cos [N(@ = Oup)| > Kp nom 


In the above equations, 6 = mn is a chosen location of maximum deviation in stiffness 
from the nominal i.e. where K,(@) — Kp nom = 4Ky. Figures 3a, b illustrate the variation of 
K for cases 1, 2 respectively with Op = 32/2 and different values of AK, (Kv. nom given in 
Table 1). The location 8mp = 37/2 is chosen since the researchers in [11] found that 
removing a section of the bump foil approximately in this region resulted in the sup- 
pression of sub-synchronous vibration in the TNDA response at high unbalance (as 
stated in the Introduction). In the present case, rather than removing a section of the 
bump foil, it is assumed that the pad stiffness can be reduced (or increased) in certain 
regions. 


AK, = —0.8 


Bin rad Bin rad 


Figure 3. Bearing stiffness variation for |AXK,| = 0, 0.8, 1.6,2.4, 3.2,4,4.4GN/m?: (a) 
Case 1 (AK, >0) (b) Case 2 (AK, <0). (8 = 0-2/2). 


4 DISCUSSIONS OF SIMULATION RESULTS 


In the simulations performed, the grid size (covering half axial length of the FAB) was 
7x71 as per procedure explained in [19]. 


Figure 4 shows the loci of the static equilibrium positions (SEPs) of the journal for the 
speed range 5-30 krpm for two different cases: (1) when journal is supported by 
unshimmed FABs; (2) when journal is supported by shimmed FABs with shim thick- 
ness of 25 um. The static equilibrium journal positions of the shimmed FABs are at 
a higher level relative to those of the unshimmed FABs due to the chosen positioning 
of the shims. The shims alter the (“undeformed”) clearance profile from a circular 
shape to a three-lobed shape (“undeformed” refers to the condition of the foil pad 
prior to the application of air film pressure induced by the rotation and loading 
effects). It is noted that there is a deformed clearance profile corresponding to each 
journal SEP in Figure 4, but such profiles are not shown for clarity. 
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Figure 4. Loci of static equilibrium positions (SEPs) of the journal over 
a range of speeds for the unshimmed and shimmed FAB cases (stable posi- 
tions indicated as red squares). 


Free perturbations about the static equilibria in Figure 4 are now considered. Figures 
5a, b respectively show the unfiltered eigenfrequency fa, (= wan/(27)) vs speed map 
for the unshimmed and shimmed cases. Each line of dots represents all the modes at 
a given speed, of which very few involve significant rotor vibration, (section 2). 
Beyond the OIS (22.1 krpm for unshimmed FAB and 28.4 krpm for shimmed FAB) the 
dots change colour, as shown in Figures 4 and 5, indicating instability in one of the 
modes. Through the application of the filtering criteria (section 2), the “clean” Camp- 
bell diagrams for the two cases (0, 25 um shims) are extracted and these are pre- 
sented on the same axes in Figure 6a. As can be seen, for each case, there are only 
two modes (“Campbell modes”) at each speed - mode 1 with the journal in forward 
whirl, mode 2 with the journal in reverse whirl for most of the speed range (transition 
to reverse whirl occurs beyond 8.5 krpm for unshimmed case and beyond 5 krpm for 
25 um shims). In either case, instability is due to mode no. 1, i.e. its viscous damping 
ratio becomes negative beyond a certain speed (see Figure 6b). The OIS values in this 
paper are determined as the first speed in steps of 0.1 krpm to register an instability, 
whereas in [17] the increment used to determine the OIS was the same as that used 
in the plots (0.5 krpm). It is for this reason that the OIS for the unshimmed case is 
presented as 22.1 krpm here and 22.5 krpm in [17]. Also, this OIS agrees with that 
found by Kim [10] (~24 krpm) through the long method of time integration for orbit 
response at different speeds, the minor difference being attributed mainly to model- 
ling differences (e.g. the additional consideration in [10] of foil deflection variation in 
the axial direction). 
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Figure 5. Unfiltered eigenfrequency fan(= @an/(2z)) vs speed map for 
a shimmed FAB of configuration as shown in Figure 2a with shim thickness 
of: (a) 0O um (b) 25 pm. 
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Figure 6. (a) Campbell diagrams extracted from the unfiltered eigenfre- 
quency vs speed map of Figures 5a and 5b i.e. for FABs with shim thickness 
of 0 pm, 25 um respectively; (b) corresponding viscous damping ratio vs 
speed maps. Legend: forward whirl (2); reverse whirl (e); unstable mode 
points overlaid with a cross; EO (engine order). 
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Figure 6a shows that shimming by 25 um results in a substantial increase in the fre- 
quency of mode 1 for a given speed. This agrees with the observation [7] that shim- 
ming increases the rotor-bearing system’s critical speed. The shimming also 
significantly increases the damping ratio of mode 1 (i.e. the mode becoming 
unstable), which is why the OIS increases substantially. Figure 7 shows Campbell 
modes nos. 1 and 2 for the unshimmed (a1, a2) and shimmed (b1, b2) at speeds 
immediately prior to the respective OIS. In either case, mode 2 is reverse whirl and 
significantly more damped than mode 1. It is noted that the journal/pad displace- 
ments shown in such plots comprise the actual static component plus the suitably 
scaled modal component with the exponential decay/growth factor in eq. (6) omitted. 
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Figure 7. Modes 1 and 2 taken from Campbell diagrams in Figure 6 at speeds 
immediately prior to the OIS: (a1, a2) unshimmed FAB (mode 1 - 
fan = 99.59Hz,¢, = 0.0025327, forward whirl; mode 2 - fan = 135.33Hz,¢, = 0.14976, 
reverse whirl); (b1, b2) FAB with 25 pm shims (mode 1 - 
fan = 137.33Hz,¢,, = 0.0039093, forward whirl; mode 2 - fan = 165.84Hz,¢,, = 0.11598, 
reverse whirl) (NB: phase of vibration indicated by colour sequence black- 
red-green-magenta). 
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Table 2. Summary onset of instability speed (OIS) predictions for preload 
variation analysis. 


Shim thickness | Onset of instability speed (krpm) 


ts = 0 um 22.1 
ts = 5 um 19.3 
ts = 10 um 17.0 
t, = 15 um 18.2 
t, = 20 um 23.9 
t, = 25 um 28.4 


A simple modification to the FAB by inserting evenly spaced rigid shims under the 
bump foil layer delays the onset of instability speed (OIS) by 28.5% from 22.1 krpm 
to 28.4 krpm when shims of thickness of 25 um are used. However, repeating this 
study for different intermediate shim thickness values shows for the first time that, 
considering just one shim thickness case is not enough to conclude that preload invari- 
ably improves the stability of the system. As shown in Table 2, the predictions indicate 
that there is a region where the presence of the shims with thickness < 20 um has 
a negative effect on the system's stability with the OIS decreasing from 22.1 krpm to 
17 krpm when inserting shims with a thickness of 10 um. It should be noted that the 
results in Table 2 apply for the configuration in Figure 2a (i.e. relative positions of 
shims and foil spot weld location as shown, rotor static load along y-axis) - this is 
equivalent to the lobed bearing in [2] but is somewhat different from that in [7]. 
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Figure 8. Frequency of Campbell mode no. 1 (only) vs speed for three cases: 
Case 0 (uniform foil stiffness, AK, = 0); Case 1 with AK, = 4 x 10°N/m?; Case 2 
with AK, = —4 x 10°N/m?. Kp nom = 4.739 x 10°N/m?, N = 3, Omp = 37/2; forward whirl 
(2); unstable mode points overlaid with a cross; EO (engine order). 
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Attention now turns to the stiffness variability study results. The loci of the journal SEPs 
(as in Figure 4) for different values of AK, were calculated and the free linearised vibra- 
tion about these SEPs analysed as before to extract the Campbell modes. Figure 8 shows 
frequency vs speed curves for mode no. 1 only with three alternative cases of AK,. It is 
seen that AK, >0 does not enhance stability since it reduces the OIS, whereas AK, <0 
enhances stability by delaying the OIS. This conclusion holds over a range of |AK| 
values, as shown in Table 3. Figure 9 shows modes nos. 1 and 2 at speeds immediately 
prior to the OIS for three different cases of AK, in GN/m?: 4, —4, —4.4. For the latter two 
cases, the three regions of foil stiffness reduction are clearly evident from the associated 
pockets of increased pad deflection. Two of these involve outward deflection of the pad, 
and the third (in the top right quadrant) involves inward deflection due to sub- 
atmospheric pressure in this region. These two cases result in increases of OIS of 23% 
and 37% respectively. For the latter case, as seen in Figure 9c1, 9c2, the static deflection 
in the most heavily loaded region is around twice the nominal clearance (i.e. 0.064mm), 
which appears reasonable. As mentioned in the introduction, researchers in [11] 
removed a section of the bump foil in this region but no information was provided on the 
predicted top foil deflection. 


Table 3. Summary onset of instability speed (OIS) predictions for stiffness 
variation analysis. 


Stiffness peak variation Stiffness peak vari- 
(GN/m?) ation (GN/m?) 


AK; = 0 AK; = 0 
AK, = 0.8 AK; = —0.8 


AK, = 1.6 AK, = -1.6 
AK, = 2.4 AK, = -2.4 
AK, = —3.2 AK, = —3.2 
AK, = 4.0 AK, = —4.0 
AK, = —4.4 
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Figure 9. Campbell modes nos. 1 and 2 at speeds immediately prior to the 
OIS for three different cases of foil stiffness variation with 
Kp nom = 4.739 x 10°N/m?, N = 3, Omp = 32/2: (a1, a2) Case 1 with AK, = 4 x 10°N/m? 
(mode 1 - fın = 100.44Hz, ¢, = 0.002185; mode 2 - fan = 141.86Hz, ¢, = 0.17634); (b1, 
b2) Case 2 with AK, = —4 x 10°N/m? (mode 1 - fan = 99.10Hz, ¢, = 0.001654; mode 2 - 
fan = 123.58Hz, ¢, = 0.10563); (c1, c2) Case 2 with AK, = —4.4 x 10°N/m? (mode 1 - 
fan = 98.20Hz, ¢, = 0.000624; mode 2 - fan = 120.57Hz,¢,, = 0.11271). (NB: phase of 
vibration indicated by colour sequence black-red-green-magenta). 


5 CONCLUSION 


This paper has, for the first time, applied a proven robust linearisation method for sta- 
bility and modal analysis in a parametric study into the effect of preload and foil stiff- 
ness distribution in a rotor system with single-pad FABs. The study into the effect of 
preload found that an arbitrary preload did not necessarily result in an increase in the 
OIS, but an optimum preload could increase the OIS by a substantial amount 
(28.5%). The study into foil stiffness variability in the circumferential direction found 
that, by reducing the stiffness at specific locations, particularly the most heavily 
loaded region, one can achieve a substantial increase in OIS (up to 37%) while keep- 
ing the foil deflection within a reasonable level. However, research is needed into the 
actual foil design and the static and dynamic stresses it is required to withstand. 
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ABSTRACT 


Blade stresses are determined from blade tip timing (BTT) data by relating the meas- 
ured tip deflection to the stresses via Finite Element (FE) models. This process 
includes some uncertainties due to the following: 1) the shift in the equilibrium pos- 
ition of the blade tip due to steady deflection and/or movements, 2) the change in 
effective stiffness due to rotation-induced inertia, which affects the BTT-stress calibra- 
tion factors, 3) the assumption of constant speed over a single revolution that is made 
in most of BTT algorithms, which is not appropriate for rapid speed rates. This study 
shows the effect of such uncertainties on the vibration measurement and blade stress 
estimations. 


1 INTRODUCTION 


The determination of frequency and amplitude of vibration of turbomachinery 
blades using BTT algorithms constitutes an essential step towards a full under- 
standing of the dynamic behaviour. The ultimate step involves the estimation of 
the stress levels corresponding to such measured vibration data, in order to 
define the fatigue limits of the blades. This latter step requires a validated FE 
model [1] since BTT vibration data is limited to the blade tip deflection. Unfortu- 
nately, the link between FE and BTT is not as yet established or standardised 
due to complications arising from a number of uncertainties in BTT measurement 
and data processing on the one hand, and FE modelling on the other. The 
required calibration factor (i.e. stress-to-displacement ratio in MPa/mm) is 
determined from FE model predictions of tip nodes displacements and blade 
stress distribution, and is then applied to the measured BTT displacement to 
compute the corresponding stress [1]. The predicted tip displacement used in 
the determination of the calibration factor has to be determined at the node that 
is nearest to the measurement position, while the predicted stress value can be 
at any desired location on the blade surface (typically the location of the max- 
imum stress). 
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Table 1. BTT Uncertainties. 


BTT Uncertainties FEM Uncertainties 


- Measurement position, due to: Condition Measurement position 
e blade steady movement number Model validation 


e probe/blade offset Filtering tolerances 
- Coherence (least squares error) Zeroing Non-homogenous 
- Signal to noise ratio Averaging material properties 
- Number of probes Time resolution Mistuning 


The uncertainties associated with BTT measurements and analysis, in addition to those of 
FE modelling, have to be considered in order to achieve the best results. If all uncertain- 
ties are controlled, the current BTT capability could produce end-to-end stress measure- 
ments with uncertainty of only +/- 2.5% or better [2]. The sources of uncertainty 
associated with both BTT and FEM are listed in Table 1 based on previous studies [1-5]. 
Jousselin et al. [6] presented a method for establishing the levels of uncertainty for the 
blade tip displacement amplitudes measured by a BTT system. Russhard [2] studied the 
levels of most of the aforementioned uncertainties and showed that mostly depend on 
the operator, who must be highly experienced to avoid extreme uncertainty levels [2]. 


Uncertainty in the mean position of the probe (the sensing position) relative to the 
blade tip affects both the BTT measurements and the calibration of the data against FE 
predictions. It arises from two sources [7]: (a) positional errors (offsets) during instal- 
lation of the probes and/or blades; (b) steady (non-oscillatory) deviations of the blade 
tip from its mean position and orientation, which are caused by the changes in the 
speed dependant operating conditions, such as thermal expansion and axial float of 
the rotor, bearing wear, and non-uniform gas loading [7]. The measurement position 
uncertainty considered in this paper is of type (b) since it is more problematic due to 
the variation of the associated positional error with speed (in contrast to (a), where 
the positional error is independent of speed) [7]. This shift (of the probe measurement 
point from its nominal position relative to the blade tip) can have a great impact on the 
calibration factor relating tip deflection to stress, since both the original and new 
points may have different amplitudes of vibration, thus introducing errors into the 
stress and the fatigue limit estimates. 


tdet,j 


Probe no. j Å 


| 
Kd 
at 


Figure 1. BTT Measurement System. 
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Turbomachinery blades are typically modelled using rotating cantilever beam models, 
which have vibration characteristics that vary significantly with speed changes [8]. 
One of the factors responsible for this variation is the centrifugal inertia force, which 
causes a significant stretch in the blades, resulting in a change in their effective bend- 
ing stiffness. Some studies have considered centrifugal stiffening, and other rotation- 
induced inertia effects in shaft-blisk (i.e. bladed disk) assemblies, and showed their 
effects on the natural frequencies of the rotating systems [9,10]. However, stress stiff- 
ening does not only change the natural frequencies, but also affects the calibration 
factors, as will be shown in this work. 


Traditional methods of BTT data processing assume that the rotational speed is con- 
stant over the course of a single revolution [11]. In reality, it is impossible for the rota- 
tional speed to keep constant [12]. Moreover, this assumption is incorrect in the case 
of transient rotor speeds [11] especially when the rate of change of speed (“speed 
rate” in rpm/rev) is high. Especially in the latter case, it is therefore expected that the 
constant speed assumption will result in noticeable errors in the estimated stress 
values as well as the vibration levels. Currently, some research studies are concerned 
with the development of measurement systems for applications involving significant 
speed rate [11-15]. 


This study shows for the first time the effects of three sources of uncertainty on the 
BTT vibration measurement and blade stress estimations: 1) Probe measurement pos- 
ition, 2) Centrifugal stiffening, and 3) High-rate speed change. A BTT simulator that 
has been presented by the authors in [16,17] is used to generate the simulated BTT 
data including the considered effects under controlled conditions. A new approach for 
the calculations of both strain and stress values simultaneously with the BTT displace- 
ment data using the simulator is presented. 


2 BLADE TIP TIMING 


BTT systems involve the use of a number of circumferentially distributed non-contact 
probes j, 7 =1,....,Npr and a data acquisition system as shown in Figure 1 to detect and 
acquire the arrival times tae; of all blades at the probe angular locations during every 
revolution [16]. The arrival time is the time at which a blade tip passes within the 
range of a probe. Another probe, known as the once per revolution (OPR) probe, is 
typically used to detect the start/end time of every revolution, from which the follow- 
ing information can be calculated: (1) the average rotational speed over the revolu- 
tion; (2) the number of completed revolutions; (3) the expected times of arrival tx»; Of 
the blades past the probes if the assembly rotates as a rigid body. It is noted that 
some researchers have proposed to generate such information from the blade arrival 
times without need of the OPR [18,19]. The collected BTT data are then processed in 
order to determine the blade tip displacements as follows 


d; = RAY (1) 
where d; is the tip displacement in the plane of rotation (X — Y plane) at probe no. j, Q 
is the average angular speed (rad/s) over a single revolution [20], R is the radius of 


the blade tip measured from the centre of rotation, and Aż; is the difference between 
the blade’s expected and detected arrival times. 


At; = texp, — tet, (2) 
The BTT displacement data are analysed in order to determine the vibration param- 


eters (amplitude, frequency, and phase), and the equivalent stress levels are then cal- 
culated using FE-based calibration factors. 
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3 PROBE MEASUREMENT POSITION ERROR 


Probe measurement position errors have significant effect on the estimation of stress 
levels in blades from BTT measurements. The errors considered are those arising from 
the blade steady movement, which can be resolved into three components (rotor axial 
shift, blade lean, and blade untwist). Figure 2 shows a blade tip that shifts axially (par- 
allel to the axis of rotation Z). Initially (with no steady movement), the optical probe’s 
laser beam intersects with the blade tip at point (1) which has the same axial position 
of the probe. Once their angular positions agree, the time is recorded as fie), and the 
displacement is calculated from Eq (1) using the value of ¢,,,;),, where the difference 
between both times (Ag),) is proportional to the instantaneous displacement at point 
(1). If the blade moves axially by an amount Au‘), the measurement position will 
shifted to point (2) and the recorded arrival time is denoted as fje;),. The expected 
arrival time for point (2) will be different from point (1) but, since the movement is 
unknown, the instantaneous displacement at (2) is calculated using 
Ati), = texpj), — tae), in Eq (1). There are therefore two errors: 1) a “DC” error due to 
the use of f.x););; 2) the vibration is being measured at point (2) rather than point (1) 
and the vibration amplitudes at these points are typically different. The DC error can 
be removed by the method presented in [7], while the second error will result in 
wrong stress estimation unless the calibration factor is updated to refer to point (2). 
The method of [7] makes this possible since it allows the quantification of the steady 
movement and thus the location of the new sensing point (2) on the blade tip. 


Figure 2. Probe Measurement Position Error. 


4 CENTRIFUGAL STIFFENING 


The centrifugal inertia tension Np, on a blisk segment with mass centre P} (Rp,, Vp, Zp, ) 
and radial extent ARp, can be calculated as [17]: 


Np, = ey, AmR;} 


where the summation is applied to radial segments with mass centres located along 
the same angular and axial position of P} (Wp,,Zp,) and proceeding radially outward. 
With reference to Figure 3(a,b), the centrifugal tension Np, stiffens the segment by 
inducing moments in the edge-wise (UV) and flap-wise (UZ) planes (Mp,, Mvp, respect- 
ively) which oppose the corresponding angular deformations 6.p,, Ap, : 


(3) 


Ri=Rp, 
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Figure 3. Centrifugal Stiffening, a) Blisk Segment (UV-plane), b) Blisk Seg- 
ment (UZ-plane), c) fixed-free beam with force and moment loading. 


Av 
Mpk NpgAv NpxARpx AR NPK AR, 6. p5 
Pk 


(4) 


Az 
Mpk = NpAz = Np, AR, 
vPk Pk PARA Rr; 


NpkARprOypk 


where Av, and Az are the deflections in V and Z directions respectively. In order to 
understand the effect of the above moments on the calibration factors and estimated 
values of stresses from BTT measurements, the simple cantilever shown in Figure 3(c) 
is considered. The cantilever is subjected to a force (F) at the free end. The maximum 
deflection and maximum stress of the segment can be respectively calculated as 


FIL? FL(t/2) 
dmax)F = zpr 7x) F = Ww (5) 


The calibration factor C can then be determined as 


ote o 


Now, considering a moment M applied at the free end of the segment, in addition to F, 
the maximum deflection and stress due to the total effect become 

F MI? — L(t/2) M(t/2) (7) 
aur ger "ee 7 I 


dmax)iot = 


The new calibration factor will be 
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FL(t/2 M(t/2 
Cantot (MO) (FL-M) 35(4/2) 


3 E x 
Smax tot (5-45) (FL-żM)° P 


C 


Substituting from Eq (6) into Eq (8) 


x Cı (9) 


From Eq (9) it should be clear that, for the actual blade whose generic segment is 
shown in Figure 3(a,b), the moments induced by the centrifugal effect will affect the 
calibration factor (reference location stress to tip deflection). 


5 HIGH SPEED RATES 


BTT processing algorithms assume that the rotational speed is constant over a single 
revolution [20], which is not valid in case of time-varying speed. In such a case, 
assuming linear variation in speed from Q; rad/s to 2; rad/s over a duration 7,, the 
rotational speed at any time ż can be calculated using the following formula: 


Q(t) = Q; + (A 2), (10) 


s 


Therefore, the BTT displacement at each probe should be calculated from Eq (1) using 
different values of speed based on Eq (10). The general form of the blade tip displace- 
ment d; measured at probe no. j after processing (minimization of noise and offset) is 
assumed to follow the following form [16] 


d; =a+5 (aim Sin(EOn 24) + 42m cos(EOn 24) ) (1) 


where EO,, is the engine order of excitation no. m,m = 1,2,..,M, whose frequency 
Om = EOn Q, and 4 is the sampling time at probe no. j during revolution no.n according 
to the above assumed fit. For a constant rotational speed Q, t; = tja=1 + (n — 1)22/Q, 
n=1,2,... and so, the term EO,,2t = EOmQ{t;n=1 + (n — 1)2x/Q} always represents the 
same angle EO„Qt;n-=ı provided EO,, is a fixed integer. Hence, Eq. (11) can then be 
rewritten in terms of the fixed probe angular position 6; = Qt, n=1 


; = do + S“, (aim sin( (EOm 6;) + am cos (EO,,9;) ) (12) 


The representation of Eq. (12) is used in some of the main BTT analysis algorithms, 
such as the two parameter plot [21] and sine fitting with data preparation methods 
[22]. As shown above, it is only valid if the rotational speed 2 is either constant or 
assumed to be approximately constant over one revolution, while varying gradually 
over time. Therefore, this assumption is not valid in case of high speed rates (rpm/ 
rev), and may therefore result in large amount of errors in the estimated stress 
values. The speed rate can be calculated as 


60(Q; — Q;) 


Speed rate (rpm/rev) = ERANT, (13) 
2 S 
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6 BTT SIMULATION 


The following sections include descriptions of the FE model, and the BTT simulator 
used to generate simulated BTT displacements and blade stresses, in order to examine 
the effects of the abovementioned sources of uncertainty on the stress estimates. 


6.1 FE model 

The shaft-blisk system shown in Figure 1 was analysed before in [17,23] to study the 
effect of rotation-induced inertia on the natural frequencies of the rotating assembly. 
The system consists of a stepped circular cross-section shaft supported by two bear- 
ings (with equal stiffness in the two orthogonal directions 1.5 x 10’N/m) and carrying 
a disk with four blades, the material is the same for all components (density 7800kg/m’, 
Young Modulus 200GPa). The FE model has been created using ANSYS, and the total 
number of degrees of freedom is 1800858. Both ends of the shaft were assumed to be 
constrained from axial motion and the left hand end constrained from torsional 
motion. Modal analysis has been carried out, and some of the resulting zero-speed 
natural frequencies and their corresponding mode shapes are shown in Table 2 and 
Figure 4 respectively. 


Figure 4. Mode shapes: a) mode 1, b) mode 2, c) mode 3, d) mode 4, e) mode 
5, f) mode 6, g) mode 10, h) mode 15. 


Table 2. Natural Frequencies of the shaft-Blisk Assembly. 


Mode 


Natural 


frequency 
(Hz) 
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6.2 BTT simulator 

A simulator that is based on a realistic (FE-derived) multi-modal model of the blisk was 
presented by the authors in [16], and upgraded for the inclusion of rotation-induced 
inertia effects in [17]. The following section includes a brief description of the simulator. 


If u(t) denotes the 3K x 1 vector containing the instantaneous absolute coordinates of 
the nodes P, (k=1...K) on the tip of a given blade, the simulator computes u(t) by 
adding the three components that contribute to it: (A) the absolute coordinates after 
rigid body rotation from a reference angular position; (B) the steady shift; (C) the 
dynamic response. The last component is determined by calculating the dynamic exci- 
tation response Au") (t) of the non-rotating blisk in the reference angular position and 
then transforming it according to the rigid rotation angle prior to addition to (A) and 
(B). Au‘)(¢) is calculated from a transformation to modal space using as basis func- 
tions the first H natural undamped modes of vibration of the non-rotating blisk in the 
reference angular position: 


Au) (4) = Hpq(1) (14) 


where the H x 1 vector of modal co-ordinates q(t) is governed by the modal equations 
of motion: 


q(t) + diag([---2¢,c,---])q(4) + diag([--- ay» q(t) = Hr) (15) 


Hp, Hr are modal transformation matrices whose H columns are mass-normalised 
eigenvectors corresponding to the natural circular frequencies w, (r = 1,..., H), ¢, is the 
modal damping ratio, added to ensure decay of transients. f(t) is the vector of dynamic 
excitation forces applied to the blisk. In the above approach, the blisk is divided into 
radial/angular segments and the rotational inertia effects from the individual segments, 
with mass centres at selected FE nodes Py (k =1...K), are summed over the entire 
system and added as additional “external” forces to the modal equation (Eq (15)). 


The simulator is implemented in Matlab/Simulink and solves Eq. (15) using 
a numerical integration routine with automatic time-step control. At each time step it 
determines u(t) by combining its three components. For a given configuration of 
probes, fexp; is determined by locating the passing time of the node on the blade tip 
that coincides with the angular and axial position of probe no. j using only the rigid 
rotation component of u(r). The actual arrival time tat; is determined in the same way 
but using u(/). The blade tip displacements d; are then determined as per Eqs. (1) and 
(2) and corrupted with Gaussian white noise of prescribed noise-to-signal ratio (NSR) 
to simulate AC measurement noise. 


6.3 Determination of strain and stress values using the simulator 

Figure 5(a) shows the stress map on a blade surface using FEM and indicates the pos- 
ition of maximum stress. This is usually the way the positions of the strain gauges (SGs) 
on the blade surface are selected. A strain rosette (a set of three SGs a, b, and c) is 
placed and glued to the surface at the desired location as shown in Figure 5(b) with 
a known orientation of each SG with respect to a specified reference. It can be assumed 
that the surface area including the strain rosette is flat due to the small sizes of the SGs, 
and thus the rosette is assumed to be in one plane x’)’. In the case of the simulator, the 
strain values can be obtained in a similar way to that used with physical SGs as follows. 


-An FE node o is selected at the desired position on the blade surface. 


-Three other nodes a,b,c are selected as close as possible to the node o as shown in 
Figure 5(c), so they can be considered in one plane x’y’ where x’ and y’ are orthogonal 
axes intersecting at the node o. 
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-oa, ob, andoc represent the strain rosette, and the distances oa, ob, andoc can be calcu- 
lated using the coordinates of the nodes before deformation with respect to the rotat- 
ing local reference frame xyz as 


oa = yu o)? + Oa o) + 2) 
B= yi — ma) + Oy ye) + — 20)" (16) 
a6 = V(r — ma)? + Oe 90) + a) 


The angles 6,,,@ are calculated by assuming that x coincides with the vector oa, so 
6, = 0, and then the angles 4,, and@, of the vectors ob and oc respectively are obtained, 
knowing that all the vectors are assumed to be in the same plane: 


ob - 0a 
b, = ——_— 17 
cos Oy [ob] Toal (17) 
Where 
ob - 0a (xb — Xo) (Xa — Xo) + (Yb — Ho) (Va — Yo) + (Zb — Zo) (Za — Zo) (18) 


- The same distances are calculated again at a time ż including deformation: 


oa(?) y (xa (t) — xo (£)? + (val) — yolh)? + (Zalt) — z)? 
ob(?) y (x (1) — x0())” + (2) — yA + lÀ) — zl) (19) 
c(i) y (xe(t) = xo())}? + (ve(t) — yolh)? + (Ze(4) — z)? 


where x(t) = x + Ax(t), y(t) = y + Ay(t), z(t) = z + Az(t), and Ax(t), Ay(t), Az(t) are the elem- 
ents of Au) (t) corresponding to the nodes o,a, b, c. 


Finally, the strain values can be calculated as 


oa(t) — oa ob(t) — ob oc(t) — oc 
oa (t = » Eob(t =] » Eoc (É 
al) = l) = ——, l) = 
Strain 
rosette 
Maximum 
stress 


Figure 5. A) Blade stress map, b) SG rosette, c) Strain vectors. 
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Now, for the calculations of the stresses, the strain values are transformed into the 
orthogonal directions x’ and y’ using the following equations 


foa = Ex COS? Oa 4 Ey sin’, Yxy Sina cos ĝa 


Eob = Ew COS? Op + Ey sin?O, + Paty sinb cos Op 


(21) 


Eoc = Ex COS? Oo + Ey sin’, + Yy Sin, COS Oc 


which can be formulated in a matrix form as 


cos?6, sin?ð, sin 0, cos 0, Ex! Eoa 
cos?@p sin’@, sin cos A éy | = | £b (22) 
cos?@, sin’6, sin 6, cos Oc Yay 


or, Ba=c 


By solving the above equation as a = B 'c, The values of normal and shear strain in x’y’ 
plane are obtained. Assuming plane stress conditions, and by using the stress-strain 
relations 


1 1 ATA 
w= [oy — voy], yas [oy — voy], Yy = = (23) 


The stress values can be determined, and then the principal plane stresses and max- 
imum in-plane shear stress are calculated as 


i V a T Ty 
2 2 (24a, b) 
= 2 
Finally, the equivalent (Von Mises) stress is calculated as 
1 oa a 21 
Oe a l(a 02) + (o — 03) + (3 — o | (25) 


where o; = 0. 


7 RESULTS AND DISCUSSIONS 


7.1 Effect of probe measurement position error 

Considering the torsional mode shape of blade shown in Figure 4(h), the amplitude of 
deformation at the blade tip is seen to vary significantly, being maximum at both ends 
and tending to zero at the midpoint. Assuming that a probe is located at one of the 
ends (initial measurement point), and calculating the modal displacements at all tip 
locations relative to the initial measurement point, the percentage error in BTT dis- 
placement due to the shift of the blade along the axial direction (axis of rotation Z) is 
as shown in Figure 6. The data in Figure 6 were computed using the formula in Eq 
(26), where dena is the displacement at the tip’s end (initial sensing location), and d, is 
the displacement along Z-axis at any other location on the tip. 
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Figure 6. Percentage error of tip displacement along the axial direction rela- 
tive to the displacement at the tip end. 


d, — d, 
%error = st x 100 (26) 


end 


Table 3. Effect of stagger angle on probe measurement position error. 


Stagger angle (degrees) | 0 10 20 30 40 45 


% error/mm 4.37 | 4.42 | 4.64 | 5.03 | 5.69 | 6.16 


It is clear from Figure 6 that the error in displacement value would be about 4.37% 
per 1 mm shift in measurement position. The rate of error was also examined at differ- 
ent stagger angles of blade (angle between the blade’s chord and the line parallel to 
the axis of rotation i.e. Z-axis) and the results listed in Table 3 show that the error 
increases to a value of 6.16%/mm at an angle of 45°. Moreover, complex blade profiles 
in which the blade tip nodes have different distances from the blade root can result in 
similar errors in the case of blade bending modes, due to the different displacement 
values at the tips. These errors will then be propagated to the estimated stress values. 


7.2 Effect of centrifugal stiffening 

For preliminary checking, the stress/tip displacement calibration factor in the absence 
of centrifugal stiffening was first determined by performing harmonic analysis in 
ANSYS. A harmonic force was applied at the tip of one of the blades in the x-direction 
with a frequency equal to the 1% natural frequency (i.e. 121.7 Hz, see Table 2). The 
displacement at the tip, and the corresponding maximum stress values, were then 
extracted and the calibration factor calculated as 136.7 MPa/mm. 


In order to study the effect of centrifugal stiffening on the calibration factor as dis- 
cussed in section 4, the BTT simulator (section 6.2) was then used to generate the 
dynamic response values at the desired FE nodes of both the blade surface and tip, 


308 


and the stress value was then calculated at the position of maximum stress using the 
method described in section 6.3. The simulation was implemented using the same har- 
monic force excitation as the above described ANSYS study. In the absence of centrifu- 
gal inertia effects, the resulting calibration factor was 131.24 MPa/mm, which is only 4 
% less than the one determined by ANSYS. The simulation was then repeated by con- 
sidering the centrifugal stiffening of the blisk. The Campbell diagram generated first in 
order to determine the new value of the critical speed with respect to the first mode, 
and it is found to be 434.6 rev/s (i.e. up from 121.7 rev/s at no rotation). The excita- 
tion frequency was then updated, and the responses were extracted and processed to 
calculate the new calibration factor, which was found to be 142.6 MPa/mm i.e. 8.6 % 
higher than the initial one. This agrees with the explanation presented in section 4. 


7.3 Effect of high speed rate 

It has been explained in section 5 that the significant variation in speed over one revo- 
lution results in an error in the calculated values of vibration amplitude, due to 
inaccurate displacement values at the probes (unless Eq (10) is used in Eq (1)), and, 
more significantly, the invalid assumption of the BTT displacement form (Eq (12)). 
A number of simulations were done with the same excitation conditions and the same 
range of speeds (0 to 250 rev/s) that includes the first critical speed (Engine Order 
(EO)=1), but with different speed rates. The generated BTT displacements were ana- 
lysed using the multi-frequency sine fitting with data preparation method [22], and 
the resulting amplitude of vibration was compared to the zero-to-peak value of vibra- 
tion response time history, giving the error values listed in Table 4. 


Table 4. BTT displacement error vs speed rate. 


Speed rate rpm/rev | 24 | 120 | 1200 | 2400 


% error 1.6 | 4.2 25 42 


These results clearly show the significant adverse effect of high speed rate on the 
accuracy of the estimated values of tip displacement. Such errors would then of 
course be propagated to the estimated blade stresses. 


8 CONCLUSIONS 


The determination of blade vibration using BTT, and the estimation of the correspond- 
ing stresses, are subject to a number of uncertainties related to both measurement 
and FE modelling. Three sources of uncertainty were analysed with the aim of quanti- 
fying their effects, which were then illustrated for three specific cases. Probe measure- 
ment position error resulted in an error in tip displacement of about 4% per mm shift 
of the blade, and this error increased with the stagger angle of the blade. Centrifugal 
stiffening resulted in an increase of 8.6% in the stress/tip deflection calibration factor. 
A high speed rate of 2400 rpm/rev may result in more than 40% error in vibration 
amplitude. Unless such sources of uncertainty are considered in the end-to-end pro- 
cess for the estimation of stress levels from BTT data, their combined effect may result 
in a large margin of error. 
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ABSTRACT 


Parametric excitations can be encountered in a large variety of dynamic mechanical sys- 
tems. Such excitations must be taken into account at the design stage in order to avoid 
the frequency operating ranges in which the mechanical systems may exhibit instabil- 
ities sources of failures. Consequently, systems with parametric excitations have been 
widely studied over the past decades and many relevant works have been published in 
this research field. Among others, on-board rotors can undergo parametric instabilities 
as soon as they are subject to a rotational motion of their base. Nevertheless, all the 
cases of study available in the literature are only limited to mono-axis rotation of the 
base or at least multi-axes rotations with the same parametric frequency. In practice, 
the excitations are not generally restricted to such cases. In this context, the present 
paper aims to investigate the dynamics of an on-board rotor subject to multi-axes 
sinusoidal rotations of its base, with arbitrary frequencies. This is achieved by analyzing 
the finite element model of an on-board rotor, which is composed of a slender shaft with 
two disks, supported by two hydrodynamic bearings having finite length. The nonlinear 
forces related to these bearings are linearized in the vicinity of the rotor static equilib- 
rium position for a constant speed of rotation so as to obtain a linear system. Floquet 
theory is finally applied in order to perform stability analysis and the influence of the 
amplitudes, frequencies and phases of the excitation is assessed. 


This rotordynamics prediction is essential for the design of many on-board rotating 
machineries such as those implemented in vessels subject to roll or pitch motions 
induced by the waves to name just one example. 


Keywords: On-board rotor, parametric instability, multi-axes excitation, base rota- 
tions, Floquet theory 


1 INTRODUCTION 


Rotating machinery can be found in quite a large variety of mechanical systems such 
as motors, turbines, turbochargers, fans. The design stage has to ensure that these 
rotor-bearing systems will not experience any failure and will preserve their integrity 
during the product lifetime. Beside the classical mass unbalance forces and the risk of 
resonance phenomena due to the critical speeds, rotor systems can be subject also to 
the external excitations induced by the motions of its base, making their rotordy- 
namics prediction more complicated and triggering a quite recent interest in the litera- 
ture. In particular, one of the first study has been achieved by Lin and Meng (1) which 
assessed the influence of constant or sinusoidal translational motions of the support 
on the time history responses of a Jeffcott rotor. Later, Duchemin et al (2) demon- 
strated both analytically and experimentally the stability of a rotor excited by 
a periodic rotational motion of the rigid support. Other experimental validation was 
carried out by Driot et al (3) in terms of orbits comparisons. 
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On-board rotors are also well-known to be associated with parametric instabilities, 
due to the presence of linear time-varying terms in the damping or stiffness 
system characteristics in case of rotational motion of the base. In this context, 
Dakel et a/ (4) analyzed an academic rotor composed of a shaft and one disk dis- 
cretized by beam finite elements (FE) with four degrees of freedom (DOFs) per 
node, supported by hydrodynamic journal bearing whose forces are linearized in 
the vicinity of the static equilibrium position. They found, by means of the Floquet 
theory, the presence of large instability regions for mono-axis sinusoidal rotation 
of the base. Han et al (5) and Yi et al (6) also investigated stability of a similar 
rotor, however for multi-axis sinusoidal rotations of the base with the same fre- 
quencies and in the presence of shaft asymmetry. Lately, Soni et a/ (7) analyzed 
the stability of rotor supported by active magnetic bearings and excited sequen- 
tially by the three different axes of rotation of the base. Thus, all of these previous 
researches were limited either to sequential mono-axis motions or to multi-axes 
motions with only one frequency. Furthermore, they considered only shaft motion 
in bending. 


In this context, the purpose of the present paper is to analyze an academic rotor able 
to be designed and constructed in order to investigate the possible coupled instabil- 
ities due to the harmonic yaw and/or pitch of its base. Such multi-axes sinusoidal rota- 
tions with arbitrary frequencies reflect a more general case and likely more 
representative of the real operating conditions experienced by a rotor system. More- 
over, all the likely dynamic effects of the shaft are taken into account, that is to say, 
bending, torsion and axial effects. This is permitted by resorting to a FE mesh of the 
rotor shaft composed of six DOFs per node, four of them related to bending motion 
according to the Timoshenko beam theory and the other two for torsion and axial 
motions. The rotor case under study is composed of a slender shaft with two perfectly 
rigid disks, supported by two hydrodynamic journal bearings mounted on rigid 
moving. First, the construction of FE model of the on-board rotor and the kinematics 
of the base motion are described. Then a brief recall of the Floquet theory and its 
extension to multi-frequency are made. Finally, numerical simulations are performed 
in order to determine the stability of the system for yaw and pitch base excitation, 
assessed Separately or simultaneously. 


2 MODELING 


2.1 Kinematics of the base 

The rotor under study is shown in Figure 1. It is composed of a slender shaft, two identical 
disks and two hydrodynamic journal bearings. The latter are mounted on a rigid base 
able to move according to six types of deterministic motions (three translations and three 
rotations). To define these motions, two different frames of reference are used. The first 
one, so-called Rọ is considered as the inertial frame. It has an origin Op and three orthog- 
onal axes (X, Y,Z). The second one, so-called R, is fixed with the rotor base. Its origin O is 
coinciding with the left end of the rotor shaft at rest (i.e. without applied load) and it has 
three axes (¥,¥,2). In this way, the translational motion of the base can be defined thanks 
to the vector O0 expressed in the inertial frame according to: 


X 
a= |7r} (1) 
Z Ro 


with X, Y and Z the coordinates of O in Rọ. These coordinates depend on time but this is 
kept implicit in the sake to simplify the notation. 


313 


Zz 
R) 
R) : y 
oO 
y 
O x 
Fg 


Figure 1. Sketch of the on-board two-disk-rotor bearing system defined with 
the references frames Rg and R. 


The orientation of the rotor base with respect to the frame Ro is defined by means of 
the Euler angles (a), a),a3) a is the yaw rotation around the axis Z, and creates a first 
intermediary frame R; with the origin Oo and axes (x, 7,2;) where Z = Z. œ is the pitch 
rotation around the axis x, of R;, and creates a second intermediary frame R, with the 
origin Op and axes (X2, +, 2) where x, = ¥ı. a3 is the roll rotation around the axis y» of Ro, 
so that it creates the new frame R with y =y. The mobility of the rotor base with 
respect to the inertial frame can be seen as the three translational variables (X,Y,Z) 
and the three rotational variables (a),a2,a3;) which all depend implicitly on time. 
Besides, any vector can be expressed from one frame to another by using the follow- 
ing transformation: 


3 
X % 
=d > 
r= [Prr] s ¥ (2) 
Z Z 
with 
cos @ cos az — sin a; sin œ sin az — sin æ; cosa cosa, sina3 + sina sina COS a3 
[Prr] = | Sina cosa3 + cosa; sin az sina; cosa cosa? sina sin az — COs a SIN a2 COS a3 
— cos a Sin a3 sin a COS G2 COS 03 


the orthogonal transformation matrix from the frame Roto the frame R. The instantan- 
eous rotation vector ©,’ of R with respect to Rọ turns is expressed as 


ON = àZ + GX, + 63y. Thanks to the transformation matrix of Equation (2), this vector 


can be rewritten in R such that: 


m o? —d COS a) sina; + a COS a3 

Rio 0 ry y . 

R = 4 @y = a sin a2 + 63 (3) 
o? : —ġ1 COS a2 COS a3 + G2 SING J p 


Likewise, the origin O of R can be rewritten in R instead of Ro in the following way: 


Xo z X 
00 = Yo = [Prr] Y (4) 
Zo R Z Ro 


where [.]’ is the matrix transpose. 
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Once the motions of the rigid base have been defined, the system of equations gov- 
erning the motion of the on-board rotor is easily obtained by using a FE approximation 
of the system, and by applying the Lagrange’s equations. 


2.2 FE model of the on-board rotor 

In order to apply the Lagrange’s equations, it is first necessary to obtain the expres- 
sion of the kinetic energy, the strain energy, the gravitational potential and the virtual 
work of the whole system, and then resorting to FE discretization to obtain the final 
global matrices of the system of equations. Since kinetic energy and gravitational 
potential are the only features affected by base motion, special care is given below to 
describe their derivation. Nevertheless, only the part corresponding to the disks is 
computed since the one of the shaft can be easily determined as an extension of the 
disk case. More details may be found in (8). The expressions of the strain energy and 
virtual work are not detailed here since they can be obtained by classical approaches. 


Hence, the example of the disk represented in Figure 2 is addressed. It has a radius R4, 
a thickness h, a density p, and a volume V4. The disk has its center of inertia C initially 
(before shaft deformation) located at the coordinates (0, y4, 0) in the frame R. In its initial 
configuration, the disk can be represented by any point P of coordinates (x,y,z) in R with 
y € [-A/2;h/2] and x? + 2 < R}. After deformation, the disk orientation can be described 
with a new frame R’ fixed to the disk, with an origin C’ and axes (%’,7’,7). In the same 
logic as for the orientation of R with respect to Rọ, three new Euler angles (w4, 84, a) can 
be used to denote the three rotations to obtain R’ from R, characterized by the same 
transformation matrix as in Equation (2) where (a1, a2,a3) are substituted for (w4, 01, Qa). 
Under small rotation hypothesis, it can be assumed then that y; is the rotation around Z 
and @, is the rotation around x. The third angle ġa can be decomposed as ġa = ¢* + By 
where ¢* is the nominal rotation (shaft rotation angle without deformation) and £; is the 
torsion angle. Regarding, the translational motion of the disk, it can be defined by the 
coordinates (ua,vg,wa) in R of its center of inertia C that moves to C’ such that 


cc = uaX + vay + waz. By using this kinematics, (ua, va, wa, Wa, 9a, B4) become the six DOFs of 
the disk, being respectively the deflection in x, the axial motion in y, the deflection in Z, 
the bending rotation around Z, the bending rotation around x and the torsion around y. 
Since the disk is considered to be perfectly rigid, the point P moves to P’ after the nominal 


— 


rotation of the shaft such that C’P’ = xx’ + yy" + 22. Then, P’can be located with respect to 
the inertial frame Ro according to: 


C (uae 


Figure 2. Typical motion of the disk due to external excitation. 
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pene leat yes Xo 0 Ud 
a «ib. Be e+ tn} fa fa) d | (5) 
20) R 9 Jp Wd jp R 


The kinetic energy of the disk with respect to the inertial frame Ro is then by definition: 


N< X 


T4 = ah pa( PP (P)) av (6) 


where pro (P’) is the velocity any point P’ belonging to the disk after deformation. Then, 
starting from Equation (5) and after some mathematical developments, it is easy to 
find the following expression of the kinetic energy: 


1 1 2 
14 = ma (Vda + vba + vis) +5 (talot) + tr (02)' +t) (7 


with m4 the disk mass, (lux, lay, laz) respectively its moments of inertia around the 
axes (x',7',7), 

© var = žo + ita + 0? (zo + wa) — œ? (Yo + ya + va), 
. Vd2 = Yo + va + o? (xo + ua) = o? (Zo + wa), 

e vaz = 20 + Wa + o$ (yo + ya + va) — 8 (xo + ua) 


oy —ycos Osin d + ò cos ġ 0, 
oy P= ysind +o + [Prr] © (8) 
o? —y cos 0 cos ¢ + Osing (0) 

Us, 


q of the disk is found to 


and 


NOY ox Oo 


Following the same kinematics, the gravitational potential 
be expressed as: 


Usa = mag(— cos a sin az (xo + ua) + sin az (yo + ya + Va) + COS az cos a3 (Zo + Wa)) (9) 


where g is the gravitational acceleration directed along —Z. 


Regarding the shaft energies, as mentioned above, they can be easily obtained as an 
extension of the disk case accounting for the y-dependency of the 6 DOFs. The equa- 
tions of motion can further be derived by first FE discretizing of the whole system. 
Timoshenko beam theory is employed to represent the shaft, accounting for both rota- 
tion inertia of the cross sections and for shear effects. For the bending motion, the FE 
used has four DOFs per node, associated to cubic interpolation of the shape functions 
(see IIE element of Reddy (9)). The classical linear Lagrange shape functions is 
applied for the axial and torsion DOFs, adding two more DOFs per node. The final 
system of equations of motion is finally obtained by applying the Lagrange’s equation 
with the different energies involved, as in Equations (7) and (9). Only the global form 
is given below with a focus on the matrices and forces vectors of the disk related to the 
base motion, which will already represent a good support to explain the phenomena 
illustrated in the simulation section. Thus the final global system of motion is: 


1M1} + ([C] + [G] + [Go] + [C(A + (IK) + [Ku] + [Ko(0)]) {0} = {FeO} + {Fs} (10) 
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with [M], [C], [G], and [K] respectively the classical mass, damping, gyroscopic (speed 
of rotation dependent) and stiffness matrices related to a rotor with a fixed base and 
{ô} the global vector of unknowns of size (Nx1) expressed with respect to the static 
equilibrium position. [Cp] and [Kj] which depend on the speed of rotation are respect- 
ively the damping and stiffness matrices coming from the linearization of the nonlinear 
forces of the hydrodynamic journal bearing around the static equilibrium position. 
[c(i], [K (t)] and {F,(t)} are respectively extra damping matrix, stiffness matrices and 
force vector due to the base motion. {F,(¢) is the force vector related to gravitational 
potential that depends on time also due to base motion. These time-dependent mat- 
rices and vectors are all composed of the participation of the shaft and the two disks. 
The contribution of one disk to the global matrices and vectors gives the following 
matrices expressed in the 6-DOFS (u4, va, Wa, Wa; 9a; Ba)? 


0 —2mgo! — 2mgor 0 0 0 
2mqo? 0 —2mqo? 0 0 0 
—2mqgo® — 2myo® 0 0 0 0 
= ni x 
[Coa(e)] = 0 0 0 0 (lay — 2lax)@? layo? ne 
0 0 0 —(lay — lax) a) 0 —lyyos 
0 0 0 —Iqyco! layo? 0 
[Ks a(t] = [Kr a(t] + [Ks a(t] (11.b) 
-(o2) - (2? -0+0 o+o% 0 0 0 
o? +oo) (0°)? = (0°)? —o, +00! 0 0 0 
[Koar(t)] = ma) -ototo ototo (P - (of) 0 0 0 CE) 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
po 0 0 0 0 0) 
0 0 0 0 0 0 
0 0 0 0 0 0 
0)? 02 0 Ae 0 4 6% Gy 
[Ks,ae(2)| —|0 0 0 (lay — lax) (+s) - (o?) ) + layo, o (lay — lax) (ot +020?) 0 
000 Tax 0} + (lay — Lax) oro? (lay — lax) (Q) F, 9) +o?" 0 
lo 0 0 “lay o? Tay o 0] 
11.d) 


2 2 
Ma [a —2 (02 vo -o! 20) — Xo (cs) + (o!) ) — (yo - ya) (08 - 020?) + yo (o ~ota!)] 
Ma [v0 +2 (o! Xo —o? 20) + xo (o? -ot0?) — (yo +a) ( (02)? + (o2) — Zo (o -o%0?)] 
: ¢ : 3 2 
{Fya(t)} = —4 "a E -2 (o xo -08 y0) — xo (o - oie!) + (vo + ya) (ot — oie!) — 29 (e) + (o) ) (11.e) 
Tax 0} +(lay — lax) Oo! + Layo? $* 
0 


+ layo? o 


Tax o? +(lay — Tax) @y 


0 
Tay o, 
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— COS a sin a3 
sin a 
cos a2 cos a3 — 1 
{Fea(t)} = -mag ea (11.£) 
0 
0 


It is to be highlighted that no mass unbalance force is taken into account since only 
stability is the only interest of the present paper. Likewise, all external force of Equa- 
tion (10) will be removed so that only the following homogenous system: 


[MI{3} + (ICI + [G] + [Ca] + ICAA + (IK) + [Ko] + [Ko(0)]) {3} = {0} (12) 


is addressed. 


2 PARAMETRIC STABILITY BY FLOQUET THEORY 


Time-dependent matrices can be noted in the homogenous system of equations (12). 
This particular type of system, called parametric system or Mathieu equation in the 
case of parametric harmonic excitation, is well-known to be likely unstable for periodic 
motions with certain conditions of amplitudes and frequencies. This can be predicted 
by applying the Floquet Theory (10) or (14). Its principle consists in determining the 
monodromy matrix [4] of the system and to compute its eigenvalues. Instability 
occurs when the module of one of these eigenvalues, also called as Floquet character- 
istic multipliers, is higher than unity. The monodromy matrix can be easily found by 
computing the solutions of Equation (12) with unitary initial conditions for all the DOFs 
involved, over one period of the parametric excitation. Namely, the following 
equation, 


mi |è] + (1c) + [6] + [Ga] + 160) [e] + (KI + [Kin] + Ko) 2) = [0] (13) 


is to be solved, where |] is an (Nx2N) matrix such that [(0)] = [[] [0]] and 
[®(0)] = [[0] [Z|] with [Z| and [0] respectively the (NxN) identity and nil matrices. Then 
monodromy matrix is then found as 


[em 
m= |fe] a 


This can be achieved with numerical integration, for instance with the classical New- 
mark implicit scheme (12). The stability can be investigated for several values of two 
parameters, for instance the amplitude and the frequency of a mono-axis sinusoidal 
excitation. This leads to the construction of Strutt diagrams, or stability diagrams. In 
case of multi-axis sinusoidal base excitation, several frequencies may be contained in 
the signal. Consequently, it may be of great interest to assess the stability behavior 
with respect to these frequencies. Let the example of a two-axes rotation of the base 
be considered, defined respectively by the yaw and pitch harmonic rotations 
a, = A, cos(2zfit + p1) and a = Az cos(2mft+ p2) where (41,42), fif) and (y1,y2) are 
respectively the amplitudes, frequencies and phases of the rotations around the axes 
Z and x). If the set of frequencies (f,,f;) is arbitrary, the parametric excitation may not 
be periodic. It will remain periodic provided the ratio fi /f} is a rational number. In this 
case, the overall period is T= m/f, = m/f, where (fi f) is the set of integers such as 
nı/m is the irreducible ratio of fi /}. By noting this, it is possible to construct stability 
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diagrams with (41,4) as the two parameters, numerically integrating Equation (13) 
over t € [0,7], where T must be updated with the values of these parameters. Neverthe- 
less, the time step At used must be small enough to account for the linear combination 
of the harmonic of (41,4) that may have high values (see expressions of wf, œ} and œ? in 
Equation (3)). 


3 NUMERICAL SIMULATIONS 


The objective is to design an academic rotor, sketched in Figure 3a, able to be tested 
in the future on a 6-DOF shaker for investigating the possible coupled instabilities due 
to the combination of yaw and pitch rotation of its base. Its FE mesh is shown in Figure 
3b. The rotor shaft has a length of 851 mm and 27 beam FEs, yielding N =168 DOFs. 
The radius of the first three elements (left extremity) and last three elements (right 
extremity) is 12 mm while it is 12.7 mm for all others elements. The shaft and disk 
densities are respectively 7776.7 kg/m? and 7778 kg/m?. The disks radius and thick- 
ness are 63.055 mm and 15.6 mm. The Young modulus and Poisson coefficient of the 
shaft are 210 GPa and 0.3. The journal bearing radius and length are 6.39 mm and 
6.2 mm. The clearance with the shaft is 42.5 um and the oil viscosity is 0.0206 Pa.s. It 
must be emphasized that the journal bearings geometry does not respect the short 
journal bearing approximation. Hence, finite-length approximation is used which 
implies a numerical resolution of the Reynolds equation with a finite difference 
scheme. Reynolds boundary conditions are employed with the help of 
a complementary problem as described by Xiao (13). The shaft speed of rotation will 
be held to 1700 rpm for all the analysis. The characteristic of the two hydrodynamic 
bearings for this value of speed of rotation are given in Table 1 (H.B.1 for the left 
hydrodynamic bearing which is the closest to the motor (left) and H.B.2 for the right 
one). The coupling characteristics are given in Table 2. The corresponding first natural 
frequencies, dimensionless damping ratio and associated motion (axial, torsion and 
bending in Forward Whirl or Backward Whirl) at 1700 rpm are the ones displayed in 
Table 3. 


In order to interpret with more simplicity the stability diagram for a two-axe rotation, it is 
expedient first to focus on the two mono-axis rotations separately. Therefore, two differ- 
ent stability diagrams are constructed, each one corresponding to a yaw harmonic rota- 
tion defined such as a = A, cos(2zf\t+ 1) or a pitch rotation a) = A2 cos(2afıt + p2), with 
(Ai,fi) and (42,f2) respectively the two parameters of the first and second diagram. For 
both cases, the amplitudes are varying respectively within [0;0.5] rad divided with 30 
equidistant iterations, the frequencies within [0;200] Hz divided with 200 equidistant 
iterations. The phases are both defined such as y = %2 = 0° since for mono-axis rotation 
they do not have any influence. Regarding the numerical integration, 512 points per 
period of excitation T = 1/f, or T = 1/f} are used in the Floquet Theory. 
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Figure 3. Academic rotor. (a) drawing (in mm), (b) FE mesh: On-board rotor 
FE mesh containing 27 two-node beams, 2 one-node disks, 1 one-node coup- 
ling, and two-node bearings. 


Table 1 . Hydrodynamic bearings characteristics. 


Stiffness Damping 
coef. H.B. 1 H.B. 2 coef. H.B. 1 H.B. 2 


4.31x10° 4.19x10® 2.34x10* 2.28x10* 
N/m N/m Cuu N.s/m N.s/m 


-2.36x10° -2.31x10° -5.62x10? -5.51x10? 
N/m N/m N.s/m N.s/m 
-3.94x10° -3.82x10° -5.62x10? -5.50x10? 
N/m N/m N.s/m N.s/m 


8.55x10° 8.41x10° 3.08x10? 3.03x10? 
N/m N/m N.s/m N.s/m 


kuu 


kuw 


kwu 


kww 


Table 2 . Coupling characteristics. 


Stiffness coef. Coupling Damping coef. Coupling 
kuu 0 N/m Cit 12 N.s/m 
2700 N/m he 10 N.s/m 


0 N/m j ON.s/m 

0 N.m/rad 0 N.m.s/rad 

0 N.m/rad 0 N.m.s/rad 

100 N.m/rad 2.4x10°3 N.m.s/rad 


Table 3 . First modes of the rotor bearing system running at 1700 rpm. 


Mode 
number 7 


Torsion 
Motion Torsion 


Frequency 


[Hz] 18.90 


Damping 
ratio 


1.2x10% 


The resulting two stability diagrams are presented in Figure 4.a and 4.b. For each one, 
the color map denotes the value of the highest Floquet exponent of the monodromy 
matrix, namely the intensity of the instability. For both cases, a large instability zone 
can be noticed, as the one evidenced by Dakel et a/. (4). Nevertheless, narrow 
instability zones also appear, almost at the same frequencies of the base excitation for 
the two cases, highlighting a certain symmetry level. In fact, these new regions can be 
easily explained by resorting to the famous formula of Hsu (14), according to which 
instability may occur when F= |f +f|/k where F is the parametric excitation fre- 
quency, (fif) are two natural modes frequencies of the system and & is the order of 
the instability. In this way, the instability region around 35.18 Hz of Figure 4.a is found 
to be a combination of the third mode of Table 3 with itself. Indeed, in the case when 
only the yaw is acting, the matrix |K, 4(t)] of Equation (11.b) simplifies as 


—ma(o®)? — —mgo® 0 0 0 0 
mò? — —ma(o®)” 0 0 0 0 
K, (Ð) = 0 0 0 0 0 0 15 
[Ks.a(t)] A A 5 5 (15) 
0 0 0 0 —(lay—lux)(@®) 0 
0 0 0 0 lyol 0 


with œ? = à = —A)2af sin(2afit+ y1) and ò? = & = —A)(2afi)’ cos(2afit + v1). Thus, owing 
to the square on œ? present in the diagonal of this matrix, the parametric frequency is 2/, 
for the bending or for the axial motions without coupling. Then, it occurs that 
2fi = 70.36=|35.67 + 35.67|/1, so that it is a primary instability of bending motion only. Pro- 
ceeding with the same logic, the instability region around 42.21 Hz of Figure 4.a is 
a combination of the first and fourth modes of Table 3. Indeed, the parametric 
frequency is in this case fı due to the extra-diagonal term w? which couples bending and 
axial motion, and fi = 42.21=|4.22 + 37.96|/1. For pitch excitation with a, the matrix 
[Kz a(t)] turns 


0 0 0 
=Ma (ot)? —myo? 0 
mga? —Mq (œ?) 0 


[Kp.a(t)] = (16) 


ooo e E e E e 
ooo oc oo 
ooo oc coco 


with œ? = à = —A22af2 sin(2afrt + yr) and ò? = ü = -A (20h) cos(2mf2t + p2). In the same 
way, a pure bending instability appears near 34.17 Hz as exhibited in Figure 4.b, once 
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again related to the third mode of Table 3. Regarding the instability region near 39.2 
Hz, it comes from a combination of the axial mode with the third mode of Table 3 with 
f = 39.2%|4.22 + 35.67|/1. This shows that pitch excitation of the base favors more the 
participation of the backward whirl while yaw excitation favors more the forward whirl, 
when couple with axial motion. Likewise, the others narrow regions can be seen as 
other natural modes combinations. Furthermore, all of these observations were con- 
firmed by proceeding with a numerical integration transient test with a free response 
to small initial condition in the base excitation configurations mentioned. This ensures 
first to validate the divergence occurring over time and secondly to identify the modes 
involved by performing Fourier analysis for instance. 


o 2 40 60 20 120 m0 160 180. 200 o 2 “ 60 80 120 10 160 180 200 


100 
Frequency [Hz] 


100 
Frequency [Hz] 


a - Yaw, rotation of angle a, b - Pitch, rotation of angle a, 


Figure 4. Stability diagrams due to the yaw or to pitch of the base. 


Once the two rotations have been assessed separately, the two-axe rotation can be 
addressed. In this case, four parameters are now necessary to build complete stability 
diagrams, namely (41,f1,42,f2). Actually, there are even six parameters with the phases 
(1,22) that may now have an influence on the stability. Nevertheless, for the sake of 
clarity, it is expedient to restrict the diagrams to only two parameters, which will be 
(fi,f2) for the reasons stated in the introduction section. Hence, the other four param- 
eters have to be fixed. By looking at Figure 4, interesting amplitudes of rotation can be 
deduced as the ones for which instability exist. For instance, with 4; = 42=0.05 rad, two 
narrow regions are present in the frequency range of [1;200] Hz. Thus these values of 
amplitude are kept for the multi-axes case. Regarding the two phases, arbitrary values 
are chosen such as y, =57° and y2=91°. The Floquet theory is then applied, varying the 
two parameters (f,,/2) with 200 equidistant iterations for each one (so that Afi =A} =1 
Hz). Numerical integration is performed with a time step At=1x10* s. 


The corresponding stability diagram is presented in Figure 5. In contrast with a system 
for which the two directions of excitation would not be coupled, the diagram presents 
horizontal and vertical narrow instability regions that are no longer constant according 
to the values of (f.f). In particular, variations can most be noticed at the intersections 
of these regions and in the highest frequencies. Furthermore, a new instability region 
appear for instance at (f/=33 Hz,f,=183 Hz) and (4=178 Hz,fi=37 Hz), whereas there 
was no such instability in the respective mono-axis cases for the parameters (4;=0.05 
rad,f,=37 Hz) and (4)=0.05 rad,f,=33 Hz). In the same way, the large instability 
region also appears and its boundary is diagonal. In addition, a diagonal new tiny 
instability region shows up at (4=165 Hz,f,=165 Hz), which seems to be directed by 
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a perfect linear relation between the two parameters, such as fi = 1f. This can be 
explained by the existence of the term ó? which is no longer nil in case of a two-axes 
rotation, although there are only yaw and pitch rotations. Indeed, the expression of œ? 
in Equation (3) in this case is o) = à sina (since a; = 0), so that the parametric excita- 
tion frequency of the Hsu formula is actually of the type |f, + (24 + 1)}| where q is any 
integer (in this case g=0). This shows that multi-axes parametric excitation can highly 
enrich the stability behavior of the system and thus how essential it has to be taken 
into account rather than the mono-axis ones assessed separately. 


Frequency f, [Hz] 


20 40 60 80 100 120 140 160 180 200 
Frequency f, [Hz] 


Figure 5. Stability diagrams due to the combined harmonic yaw and pitch 
excitations. 


It is legitimate now to wonder about the influence of the others four parameters 
available (4), 42, y1, 42) in the stability results. To this end, it is proposed to build to 
new stability diagrams, with the same parameters as previously for Figure 5, how- 
ever one with increased amplitudes such as 4,=4)=0.1 rad and another one with dif- 
ferent phase such as y; =57° and y, =221°. The latter values of phases have been 
chosen arbitrarily. The corresponding stability diagrams are respectively exposed in 
Figure 6.a and 6.b. In the former, it can be seen that the large instability region has 
drastically grown and represents now the most part of the graphic. It was expected 
since for this value of amplitude, Figure 4.a and 4.b already exhibited this behavior. 
Nevertheless, more variations are also noticed at the intersection of the horizontal 
and vertical narrow instability regions, demonstrating a higher level of coupling 
between the two directions of excitations. Furthermore, new laws of instability of 
the type | +(2q¢+1)f| seems to occur near fi =f=100 Hz, for which one has 
fi =1/2f +b or fi = 2h +b where b is the vertical intercept. Regarding Figure 6.b, no 
significant difference with Figure 5 can be stated, emphasizing the low impact of the 
phase shift. Only small local effects can be reported such as the appearance of 
a new diagonal narrow region near (f;=97 Hz,f,=193 Hz). The too low value of amp- 
litude imposed may be one reason to explain this lack of influence. The important 
level of symmetry between the two excited directions may be another reason. 
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Figure 6. Influence of the other parameters on the stability diagram. 


4 CONCLUSION & FURTHER WORK 


The objective of this investigation is to design an academic on-board rotor for the 
experimental validation of predicted coupled instabilities due to its base rotations. 
Therefore, in this paper was proposed the analysis of an academic on-board rotor 
system parametrically excited, with harmonic yaw and pitch with arbitrary frequencies 
that may not necessarily be multiples. The stability diagrams were obtained by the Flo- 
quet theory and by varying the two frequencies of the sinusoidal rotation around the 
transverse axes of the rotor. Outstanding observations were highlighted. In particular, 
couplings between the bending, axial and torsion were shown mathematically and their 
consequences were evidenced first on mono-axis parametric excitations. Secondly, 
variations of the corresponding narrow instability zones were seen, mostly at their 
orthogonal intersections and at high frequencies. Furthermore, diagonal narrow 
instability regions were evidenced, which confirmed the importance of accounting for 
multi-axes motions rather than mono-axis motion on the study of parametric instabil- 
ity. Finally, amplitude of the respective sinusoidal rotations has revealed a significant 
impact on the stability behavior, while the phase shift only bring small and local effects. 


Despite stability has been investigated for periodic motions, an apparent continuity in 
frequency can be noticed in the multi-axes stability diagrams. Therefore, it is legitimate 
to think that instability may also occur in case of two non-commensurable frequencies, 
namely when the two frequencies (f,,) are not such as their ratio f/f is a rational 
number. In this context, one can wonder if the instability still hold for a random process 
motion of the base, whose power spectral density would be defined in a frequency 
range contained within a narrow instability region. Besides, it remains to validate these 
results with suitable experimental validations. Nevertheless, the main drawback of 
practical experiments is that it is difficult to get rid of external forces that necessarily act 
in case of base motion and would likely mask the instability behavior. 
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ABSTRACT 


A high-speed blower consisting of a flexible shaft supported by two radial active mag- 
netic bearings and an axial passive magnetic bearing is theoretically and experimen- 
tally analysed. The blower is mounted on a t-slot plate and the interactions between 
the shaft, the housing, and the t-slot plate are under consideration. It is investigated if 
the dynamical contribution from the foundation dynamics (t-slot plate plus housing) to 
the frequency response function of the high-speed blower can be reduced by including 
some of the most influential dynamics (mode shapes) of the foundation in the control 
object using a model-based control design. 


MATHEMATICAL PARAMETERS 


a — Proportional damping for mass 
£- Proportional damping for stiffness 


Mo — Permeability for vacuum 


Axia 7 AXial magnetic bearing related 
p ~ Boundary nodes 


ce — Craig-Bampton related 


wo, — Cross frequency for notch filter 1 oa 7 External related 


02 — Cross frequency for notch filter 2 jz Foundation related 


A - Surface area for pole legs [| ];- Internal nodes 


ig — Operating current in coils - Integral states augmented 


int 


N - Number of turns for coils ı — Left side transformation 


Q - Stop band factor for notch filter ur ~ Modal reduction related 


R - Ohmic resistance „ Z n row and m column matrix 


xo — Operating air gap in bearings [ loz - Control object 
x — Vector x (bold small letter) [| ], - Rotor related 
X - Matrix x (bold capital letter) [ les ~ Reformulated matrix 

[ ]„ -Right side transformation 


[ ]„- State space related 


1 INTRODUCTION 


The number of industrial applications exploiting magnetic bearing technology is increas- 
ing. Some of the great advantages in favour of the technology are low friction, low 
maintenance, low to zero wear during start-up and run-down, and customisable 
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frequency response. Some setbacks for the technology are the complexity and cost,(1). 
For specific applications, the advantages are overwhelming. These applications have 
helped develop the magnetic bearing technology into how it is used today. The load 
carrying capabilities of magnetic bearings have been increasing due to this develop- 
ment. This has led to an increasing number of applications adopting magnetic bearing 
technology. In (2), the capabilities of the active magnetic bearing technology taking 
form at that time is discussed. An example of researchers trying to push the limits on 
carrying capacities of the technology using novel configurations is presented in (3). 


For rotating machinery, some sort of support used to fixate the structure to the ground 
is necessary. If the support structure is flexible within the speed range of the machine it 
is fixating, process disturbances or residual unbalance could excite the flexible support 
structure. Interactions between beams or rotors and support structures or foundations 
are a familiar problem as presented in (4-7) among others. As the carrying capabilities 
for the magnetic bearing technology is increasing, so is the weight of the machines it is 
used for. Therefore, a greater support structure is needed. In general, the change of the 
mass will be more dominant than the change in stiffness for a structure as it is scaled, if 
the structure is not wisely designed. Therefore, if the foundation of a machine is 
increased in size, the flexible modes for that foundation will be lowered. Combined with 
the higher reaction forces needed for the magnetic bearings to support the rotor used in 
the machine, the flexible modes for the foundation are more likely to be excited through 
disturbances in the rotor within the operational speed range of the machine. 


For other applications, a reduction to the total weight of the machine is desired, 
though the inertia of a spinning element will still be considerable. In this case, the sup- 
port structure will be flexible if it is not carefully designed. Furthermore, for some 
applications a soft interaction between the machine housing and the machine carrier 
is considered an opportunity (8). This can result in amplifications of the dynamical 
response due to external disturbances. 


If a machine were to comply with ISO 10349-1, a threshold for the mechanical vibra- 
tion amplifications within the speed range of the machine is specified. If the specified 
threshold cannot be satisfied, the speed range will have to be compromised, else 
a reduction in the amplifications should be considered. 


In this article, the dynamical impact from the foundation of a high-speed blower with- 
out an impeller mounted, thereby neglecting the fluid forces, is considered. The high- 
speed blower is investigated both mathematically and experimentally. 


The experimental test setup, described in (9), consists of a rotor, an axial passive 
magnetic bearing, two radial active magnetic bearings, and an induction motor. The 
bearings and the motor are situated in a housing that is mounted to a t-slot plate. The 
housing and the t-slot plate is referred to as the foundation. To establish the mathem- 
atical model used to simulate the high-speed rotor interacting with the foundation, 
two finite element method models have been formulated, i.e. one for the rotor and 
one for the foundation. The interactions between the rotor and the foundation are 
described through a linearized mathematical model of the bearing dynamics. 


In this work, a Proportional and Integral (PI) control law is used for the amplifiers to 
track a current reference defined by a position control law. Initially, the position con- 
trol law is a Proportional, Integral, and Derivative (PID) control law using two notch 
filters applied to the position sensor signal. From this setup, an identification proced- 
ure for the estimated interaction coefficients can be carried out. 


Using the identified bearing coefficients, model-based control laws can be used to gen- 
erate the current reference signal. This will allow the control law to utilize the mathem- 
atical model conducted to help the controller place meaningful gains in the frequency 
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domain to counteract undesired resonating peaks from the rotor-bearing-foundation 
interaction. Here, a Linear Quadratic Gaussian (LQG) control law using full state feed- 
back with a Kalman filter as observer has been chosen. The PID control law will be 
compared against the LQG control law approach to investigate if this method is good 
at reducing the undesired amplifications in the frequency range. 


Figure 1. Presentation of high-speed blower test facility components with 
included features. The shaft has a copper sheet, ©, a pair of rotor laminate 
stacks, © and ®, aluminium surfaces for sensors, ©) and ©, and a disc with 
passive magnets, ©. The housing consists of an induction motor, ©, a pair of 
radial AMB stator geometries, © and 40, eddy current sensor fitting modules, 
© and @, and axial PMB, ©. 


Table 1. Values for AMB design. 


Parameter | N R A ig xo 


Value 78[-] | 0.8[Q] | 754[mm?] | 4[A] | 0.45[mm] 


2 EXPERIMENTAL TEST FACILITY 


The experimental test facility representing a high-speed blower, presented in figure,1, 
consists of a rotor and a housing. The rotor and housing are equipped with hardware 
components used to facilitate the use of Active Magnetic Bearings (AMBs) for a high- 
speed blower. An induction motor is used to rotate the shaft; two AMB geometries are 
used to control the shaft position with the help of four eddy current sensors. An axial 
Passive Magnetic Bearing (PMB) is used to keep the shaft approximately centred in the 
axial direction during test runs. The design parameters for the AMBs implemented in 
the high-speed blower are provided in Table 1. 


2.1 Experimental investigations 

The conducted experiments and theoretical analysis are based on an initial study for 
the high-speed blower controlled using a PID controller implemented with two notch 
filters on the position sensor signals for stabilizing the first flexible mode of the shaft. 
The linearized coefficients for the AMBs have been optimized through a system identi- 
fication procedure similar to the one described in (10). The frequency response 
obtained experimentally is compared to that expected from the control object. The 
experimentally obtained frequency response using the PID control design is then com- 
pared to the frequency response generated from the LQG control design considering 
the most influential foundation dynamical response in the control objective. The com- 
parison is carried out with the rotor of the high-speed blower levitated without the 
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rotor spinning. A Campbell diagram and unbalance response are simulated for both 
cases and the results are compared. 


3 MATHEMATICAL MODEL 


The global mathematical model is described from a combination of mathematical 
models for the components included in the high-speed blower test facility. The math- 
ematical models include a Finite Element Model (FEM) of the shaft, a FEM of the foun- 
dation, linearized expressions for the dynamics within the AMBs and the PMB, filters 
applied to sensor signals, and control schemes implemented to the control objective. 
In Figure 2, an overview of the connections established between the different math- 
ematical models is available. Also, the implemented model-based control design is 
presented in the figure. The construction of the mathematical model is also presented 
in (9). The rotor model is formulated using Timoshenko beam elements described in 
(11) with the mathematical formulation of the dynamic response described by equa- 
tion (1). The equation for the dynamical response is formulated into a system of first 
order differential equations in equation (3) with the matrices presented in equa- 
tion (2). 


M, X, +(D, — @G,) X, + K,X, = fr ex (1) 
0 I 0 I 0 0 
Ay ss = M;! K, M;! (D, oG,) | s B; ss a hee | ry Cr ss — È I | ; D, ss a H (2) 
Xss = Ay ssXr ss + By ssUrss Xy 
rss = i z ; í © 9 Xrss = H > Urss = fr ex 
S j S = Cr ssXr,ss pa D, ssu; ss PN { Xe \ a , { 3 a 63) 


It is assumed that the damping present in the rotor can be described from proportional 
damping as formulated in equation (4). 


D, = aM, + BK; (4) 


The foundation is described using ANSYS Solid186 elements. The mathematical for- 
mulation for the foundation extracted from ANSYS consists of mass, Mș, and stiffness, 
K;, matrices. These matrices are reduced using a Craig-Bampton reduction scheme. 
In equation (5), a reformulation, My;eq and Ky,ea, Of the extracted matrices is pre- 
sented. The reformulation describes the mass and stiffness matrices by a set of 
internal nodes, i, and a set of boundary nodes, b. 


U; u; Myixi My u; Kjixi Kfixi u; 
Mi ref by ve Kins \ = te, | fix f ixb | be aa | fix Mf ix | { \ 
us Up “EL Mypoxi Myx} | up Kyixi Kyixi] (u 
_ { ff exti \ 
fy ext 
The reformulation is used to establish the reduction matrix, R, presented in equation, 
(6). The reduced eigenvector matrix, Vixx, is calculated from solving the eigenvalue 


problem presented in equation (7) and choosing a number, x, of modes needing to be 
included in the reduced model. 


(5) 


Pis D; z 
= | La as] ; Pixs = -K7 Kyixo, Pixx = Vixx (6) 
Aixi = Vga Mpi Kp ixiVixi (7) 
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For the Craig-Bampton reduction of the foundation, the number of modes is chosen as 
X¢,cp = [1 : 100]. The method for calculating the reduced mass, stiffness and damping 
matrices is presented in equation (8), assuming proportional damping. The system 
dynamics is then assumed to be described from equation (9). This dynamical relation 
can be formulated in state space as a first order system of differential equations in 
equation (11) with the matrices presented in equation (10). 


Mf red = R™My erR, Ky red = R’k;,.fR, Dy rea = of My red + By Ky rea (8 
My reaX + Dy reaX F Ky redXf = ff ext (9 
0 I 0 I 0 0 
Apg . l Bes = lna |>Cros = Dis = 10 
Mf ss | —MP heaKyrea Riki » Pf iss E 1 f ss E I | rf SS H ( 
Xf ss = Åf ssXf ss + Bf sst x 
G s= Mf ss Lf ss Af ss >f ss Uf ss , Xfss = { £ \ U, ss = f bal 11 
f, Ea = Oaar + Dp up I xy ss = {ff ext} ( 
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Figure 2. Schematic of the connection for the state-space models used to 
describe the system dynamics with implemented model-based controller. 


The FEMs for the rotor and foundation are then both reduced using a modal reduction 
method. Two transformation matrices are deduced based on the eigenvalue problem 
for the model needing to be reduced, as presented in equation (12). A number, x, from 
a total number, n, of modes is chosen to establish the transformation. The reduced 
state space system is presented in equation (14) using the transformed matrices pre- 
sented in equation (13). 


A=V'AsV, T= (V) Ta = Vnx (12) 


Ass = T/Ass Tr, Bss = TBs, Css = CysT (13) 
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Gs = { Xss = A -ssX -ss + B ssUss (14) 
Yss = C 5X -ss + Des Uss 


In this specific investigation, the number of modes for the shaft is chosen as 
x, = [12345678], which is describing the rigid body movements and the first two flexible 
modes in perpendicular directions. For the foundation, the modes xy mr = [212225 26] 
are chosen to be included in the mathematical model. These are some flexible modes 
belonging to the foundation, which are found to influence the dynamical behaviour of 
the combined rotor-bearing-foundation dynamics for the high-speed blower system. 
To describe the coil dynamics, the state space representation in equation (16) is used. 
The representation is established with the matrices from equation (15) and is valid for 
one coil in the electromagnet. 


Ass Bess = [4 fe], Coss = 1, Dess = [0 0] (15) 


G = Xess = Ae,ssXess Ba Bess Uc ss 
CSS — 


Yess = Cess Xess T Dess Uc ss 


(16) 


The coefficients, L, ku, ki, and k, are linearized for the expected position of the shaft 
during operation. A value for k4xia has been obtained from a study using COMSOL for 
the passive magnet rings moving in a radial direction. In the study, it is assumed that 
the reaction is linearly dependent on the relative displacement between the magnet 
rings. In equation (17), the estimations for the coefficients are presented. 


NA NAi N?Ai N? Ai2 kN 
t= shy = ks = Sg a 2 kua = 19] | (17) 
Xo Xo XO X 


For the sensors, a first or second order Butterworth filter is used depending on the 
implemented control scheme. The control object is obtained from combining the com- 
ponents as presented in Figure 2. The resulting state space formulation is described in 
equation (18). The matrices Css,» and Dss; can be designed such that one obtains the 
desired output states from the control objective. 


G y= Xss obj = Ass objXss,obj F Bss obj Uss,obj (18) 
ss,obj = E 
Yss,obj = Css,objXss,obj F Dss,objUss,obj 


The PID control scheme, presented in equation (19), is implemented utilizing a second 
order Butterworth filter for the position and current sensors in the global mathematical 


model. 
1 TS +o, +055 
GpIp—se s K,( 14 | - - 19 
e -( "ys | ts + i) E +B s + og, s +s toa a 


Table 2. Values used in PID control scheme and current tracking 
controller. 


Parameter i . Í Keur 


Value 500 [Ticks] 
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The output of the PID control scheme is the current reference which is tracked by a PI 
control design presented in equation (20). 


1 
Gp1—scheme (s) = Keur (: + ) (20) 
Tours 


In Table 2, the values used in the PID control scheme and current tracking control 
scheme are presented. The model-based control design implemented is based on the 
control object having first order Butterworth filters implemented on the sensor signals. 
For this control object, an observer in the form of a Kalman filter is used. Using an esti- 
mation of the process noise intensities, V;, and measurement noise intensities, V2, the 
Kalman filter gains can be computed from equation (21). 


0= Ass,objQ t QAS obj t Bss opi V1 Bo obj = QC oz; V2 Css,objQ, Lat = QCh oy V2" (21) 


The model-based control scheme should include integral action on the position sensor 
signals. Therefore, the control object is augmented with integral states in equation 
(22). The controller gains are calculated in equation (23) based on weighting matrices 
for the states, R;, and the input, R2. 


Asso j 0 Bss,o j 
Ass,obj,int = ie | s Bss.obj,int = | 0 J (22) 
ss,obj 
0= Ass,obj,intP + PAS, objint +R — PBs obj, in R2 B5 obj int? Kop: = Ry ' BE, oj ime (23) 


Using the system augmented with integral states, the controller dynamics are built in 
line with the control architecture visualized in Figure 2. Before implementation, the 
LQG control design is discretized, balanced, and reduced to fit the space requirements 
for the hardware installed in the test-facility. This reduction is based on keeping the 
most important singular values for the control design. 


4 RESULTS 


The mathematical model has been optimized using a least squares fit for the expected 
relative displacements between the rotor and foundation against the measured relative 
displacements as well as the expected current running in the coils against the measured 
current. The expected values are provided as outputs from the global mathematical 
model. The measured values are obtained with the PID control design implemented on 
the high-speed blower system. A comparison between the estimated frequency response 
from the control objective and the measured frequency response after the optimization is 
presented in Figure 3. It is noticed that the control object does contain some regions 
where the estimation of the real plant is not completely in line with the experimentally 
obtained response, i.e. around 150 [Hz] and between 400 [Hz] to 500 [Hz]. However, the 
control plant does seem to include the most prominent responses and does seem to be 
able to sustain a model-based control design. In Figure 4, the LQG control design is 
implemented to the experimental test facility. The experimentally obtained frequency 
response is compared to the estimated response from the control object applied with the 
LQG control design. The experimentally obtained frequency response for the system with 
the PID control scheme is plotted again for easier comparison. It is noted that the 
experimentally 
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Figure 3. Experimentally obtained frequency response versus the estimated 
frequency response for the control object implemented with a PID control 
design. 
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Figure 4. Experimentally obtained frequency response for PID control design 
versus the experimentally obtained frequency response for LQG control 
design and estimated frequency response for the control object. 


obtained frequency response is well described by the expected frequency response in 
most of the frequency range. However, as it is for the control object applied with the PID 
control scheme as well, the amplification and phase shift are not well described in the fre- 
quency band from 400 [Hz] to 500 [Hz]. Comparing the experimental frequency 
response using the PID control scheme against the experimental frequency response 
using the LQG control design, it is noticed that while the response in the range from 0 
[Hz] to 100 [Hz] has increased for the system with the LQG control design implemented, 
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the response has either decreased or remained at the same level for the rest of the fre- 
quency band. Therefore, the method of including the foundation dynamics in the control 
design is deemed successful. 
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Figure 5. Expected Campbell diagram and unbalance response for 
high-speed blower using PID control scheme (Centre bottom: Rotor 
responses; Centre top: Foundation corner responses; Right bottom: Current 
in coils). 
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Figure 6. Expected Campbell diagram and unbalance response for 
high-speed blower using LQG control scheme (Centre bottom: Rotor 
responses; Centre top: Foundation corner responses; Right bottom: Current 
in coils). 
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In Figures 5 and 6, two unbalance responses are calculated for the system having the 
two different control schemes implemented. The residual unbalance mass is assumed to 
be in the rotor laminates for the active magnetic bearing. Figure 5 shows a very high 
response peak at around 520 [Hz], which is coincident with the crossing of the forward 
whirl for the first flexible eigenmode for the shaft. It is noticed that no corners of the foun- 
dation are expected to generate a considerable response. However, it is also noticed that 
the mathematical model predicts the system to be unstable at around 31500 [RPM]. In 
Figure 6, it is evident that the resonance peak caused by the crossing of the first flexible 
mode is reduced drastically but at the expense of some additional undesired resonance 
peaks around 50 [Hz] and a slightly higher response in the corners of the t-slot plate. 
Analysing the expected amplification of the current in the coils, it is noticed that the limi- 
tations of the bearing design are complied with and that the amplification of the current 
around 520 [Hz] is distributed over a broader frequency range. Also, the control design is 
expected to be stable from the assessment of the damping factors of the eigenvalues. 
The increased response in the corners of the t-slot plate indicates that the LQG control 
algorithm is dissipating some of the energy from the first flexible mode for the shaft to 
the foundation, thereby exciting the foundation structure as well. 


5 CONCLUSIONS 


In this article, it has been illustrated that foundation dynamics can be included in 
a model-based control design such as an LQG control scheme. The method has been 
compared against a PID control scheme utilizing notch filters to stabilize the shaft. 


It is found that some complications regarding undesired amplifications of the response 
occur when the foundation response is considered in the control design. However, the 
overall performance of the model-based control design appears to be superior to that 
of a decentralized PID control scheme. 
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ABSTRACT 


This paper describes the vibration behaviour of a small (11 kW) two pole induction 
motor, which is mounted on an elastic steel frame foundation with a special actuator 
system. This paper presents natural frequencies as a result of experimental model 
analysis of the whole system - motor, actuator system and steel frame foundation - 
and compares them to the numerical modal analyses using a finite element model. 
Additionally, forced vibrations are measured using the actuators as a shaker to de rive 
the resonance frequencies of the system. The measured natural frequencies by modal 
analysis, the measured resonance frequencies and the simulated natural fre quencies 
are compared to each other. Additionally, the necessary electrical power of the electro- 
dynamic actuators is analysed. 


1 INTRODUCTION 


In industrial drive applications, vibrations are undesirable and may lead to damages or 
may reduce maintenance intervals. Large induction motors are designed for a mas sive 
foundation, referring to the international motor standards e.g. IEC 6003414 [1]. In 
practice however, induction motors are often mounted together with the load ma chine 
on an elastic steel frame foundation, which influences the natural frequencies of the 
system - motor with foundation. Nowadays, due to the efficiencydriven develop ment, 
more and more large induction motors are driven by converters and no longer by a rigid 
grid. The issue is, that vibration problems increase, because the dynamic behaviour of 
a motor on a soft foundation is strongly influenced by the foundation ([2] and [3]), and 
that the whole operating speed range may not be used any more, because of resonance 
problems. The consequence is that offlimit speed ranges have to be defined where 
steadystate operation is not allowed, which may reduce the effi ciency of the plant. To 
face this challenge, a special actuator system was developed, which consists of spring 
elements, electrodynamic actuators, and additional passive damping elements. The 
actuator system is mounted between an elastic steel frame foundation and a 11 kW 
twopole induction motor in the test lab (Figure 1). Of course, the system characteristics 
of such small test bench can not be compared with a large induction motor (> 1 MW) in 
industrial application. Therefore, a steel frame founda tion was developed in a previous 
study [4], to create similar conditions so that three natural frequencies occur in the 
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Figure 1. Test bench with foundation plate, steel plate, elastic steel frame 
foundation, actuator systems, motor and electrical equipment for external 
excitation. 


operating speed range of the motor. Two square hol low profiles are used for the steel 
frame foundation. Additionally, small steel blocks between the motor feet and the steel 
frame foundation were placed to reduce the contact zone between the motor feet and 
foundation and to create therefore a soft foundation. The frequencies and the move- 
ments in the various modes are similar to large motor applications with an elastic steel 
frame foundation. For further develop ments and testings on the test bench another 
motor or load machine can be mounted and used as a brake. The motor is connected in 
star-connection and is driven by a converter. The possible speed range is from 0 rpm to 
4 800 rpm. The main data of the motor is shown in Table 1. 


Table 1. Main data of the two-pole induction motor. 


Description 


Rated power 


Rated voltage in star connection 


Rated current in star connection 


Rated speed 1/min 


Rated frequency Hz 


Limiting frequency (mechanical) 


Mass of the motor 


Distance between feet 


Height of the centre of gravity 


338 


2 DESCRIPTION OF ACTUATOR SYSTEM 


This section gives an overview about the main components of the actuator system, 
the electrodynamic actuator, and the mechanical frame which carries the motor. 


2.1 Carrier system 

The carrier system of each actuator system connects the steel frame foundation with 
each motor foot by a spring element, which is shown in Figure 2. The optimization of 
the carrier system was carried out with regard to a high stiffness in horizontal and 
axial direction. Four main parts are screwed together to transmit the force: The steel 
frame foundation with the lower plate, the lower plate with the lower part of the 
spring, the upper part of the spring with the upper plate and finally the upper plate 
with the motor foot. The entire weight of the motor is carried by the spring in the actu- 
ator system, so the electrodynamic actuator only has to control dynamic forces. 


upper plate - screw for motor foot 
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> 
€ ping 
=. 


u 


B 
= 
= 
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Figure 2. Carrier system with actuator inside. 


The electrodynamic actuator itself has no guidance, so that the carrier system may 
only allow minor movements in horizontal and axial direction. In vertical direction the 
upper plate of the actuator system has to be movable with little resistance in the car- 
rier system. Since the actuator only has a clearance of 0.5 mm in radial direction, the 
horizontal position of each upper plate which holds the core of the actuator is adjust- 
able. The free horizontal and axial adjustability also allows an adjustment of the pre- 
load force by the damping elements within certain limits. A novelty of this system is 
that the weight of the motor causes no compression to the damping elements due to 
the design of the carrier system. Overloads on test stand are unlikely, but cannot be 
excluded. Therefore a mechanically safety system was included to prevent excessive 
movement in all directions. 


2.2 Details of actuators 

The actuators that are used in this application are called “voice coil actuators” consist 
ing in general of a moveable coil holder with an electrical coil and a soft iron stator 
with a magnetic core. Figure 3 a) and b) show one of the actuators which is used in 
this application. The principle of this electrodynamic actuator type is based on the use 
of Lorentz force. The system is designed so that the equilibrium position of the actu- 
ator is at mid stroke (5 mm). In this position range, the highest continuous force is 
possible (Figure 3 c)). In a worst case scenario with an effective oscillation velocity of 
7.1 mm/s, which is the limit according to DINISO108163 [5]. Based on this as 
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sumption a maximum deflection in the first mode (12 Hz) on motor feet is lower than 
0.27 mm, from peak-to-peak, if assumed that the motor feet oscillates with the same 
effective vibration velocity as the motor shield. Because of this small displacements 
a linear behaviour can be assumed, see Figure 3 c). At vibration values > 7.1 mm/s 
RMS, a safety mechanism switches off the motor (converter drives to 0 rpm). Another 
important data, especially for a pulsed control like PWM (Pulse Width Modulation), is 
the time constant of the actuator. It has to be much lower than the highest expected 
reciprocal vibration frequency. Further key characteristics are shown in Table 2. The 
continuous force is low with about 7 N, but sufficient, which is shown in Section 4. 


CVC38-SF-10 


Figure 3. Electrodynamic actuator assembled, b) disassembled and c) force 
plotted over stroke. 


Table 2. Main data of the actuator (extraction). 


Description 


Peak force 

Stroke 

Continuous force @ 100 °C 

Coil resistance @ 25 °C 
Inductance @ 1 kHz (inside fully) 
Continuous stall current @ 100 °C 


Voltage maximum 


Force constant @ Mid stroke 


Time constant (electrical) 


3 NATURAL FREQUENCIES 


This section describes how the natural frequencies of the system were determined. 
A similar way to determine the frequencies of the system is an experimental modal 
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analysis. To make the movements of the modes in the system visible a finite element 
analysis was performed. However, this paper only focuses on the first six natural fre- 
quencies, which are all within the rotational frequency range of the motor. 


3.1 Numerical modal analysis 

For the first simulation and visualisation of the system mode shapes and natural fre 
quencies a finite element model was created as shown in Figure 4 b). The figure shows 
the real system and the simplified model. The motor is replaced by a point mass in 
center of gravity of the motor. A model of the motor is also available as CAD geometry, 
so that the center of mass and the moments of inertia are included in the point mass. 
Since the low damping factor of the damping elements has only a minor influence on 
natural frequencies, the damping of the damping elements was neglected. On the 
other hand, the stiffness of the damping elements in vertical z-axis and horizontal y- 
axis was considered. Since the stiffness of the spring elements is very low in relation 
to the stiffness of the foundation plate only the square hollow profiles and the steel 
plate were taken into consideration. The foundation plate was not considered because 
it has a very large mass and is very stiff in comparison. The connection between the 
point mass and the upper plates of the actuator systems is much stiffer than other 
stiffnesses in the system. Therefore, in the simulation these connections were 
assumed to be rigid. 


To avoid a complex model, with elaborate contact definitions, the stiffness of the 
spring and damping element were determined outside of the simulation and 
springs were used (Figure 4 b)). The contact areas in the simulation were all 
configured as”bonded” so that the adjacent nodes in the finite element model 
are fixed to each other. For large parallel surfaces, this may lead to an unrealis- 
tic stiffening and deviations between the simulation results and reality. For this 
reason, the surfaces between steel plate and the steel frame foundation were 
separated from each other by washers - in simulation and on the real test 
bench. The same was done for the connections between the steel frame founda- 
tion and the actuator systems. The installation of washers between the steel 
frame foundation and the actuator systems allows a comparison with the system 
without actuator systems. Due to these simplifications, it was expected that only 
the first natural frequencies would fit to the experimental modal analysis. 


With regard to [4], which describes the behaviour of the system without the actuator 
systems, two new mode shapes in speed range occur. Figure 5 show the first six 
modes as a result of this simulation. Only the deflection in one direction is shown. 


Figure 4. A) real system b) finite element model with motor as a point mass 
in center of gravity. 
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In mode 1, the point mass makes a rotation movement at the horizontal y-axis com 
bined with a translation in axial x-direction, both in phase. The feet mainly perform 
a vertical movement with relatively low tipping and translational movement in axial direc- 
tion. This movement leads to an elastic deformation in upper part of the steel frame foun- 
dation. Mode 2 is very similar to mode 1 with the difference in direction of movement. In 
this mode the point mass makes a rotation movement at the axial x-axis combined with 
a translation in horizontal y-direction, both in phase to each other. The feet mainly per- 
form a vertical movement with relatively low tipping and translational movement in hori- 
zontal y-direction. In mode 3, the point mass and the feet together, perform only 
a vertical movement in phase with no rotation or translation in horizontal or axial 
direction. 


Mode 4 is a special mode, because the whole motor (point mass and feet in phase) 
makes a rotation movement at the vertical z-axis. No vertical translational movement 
in z-direction occurs in this mode. The consequences of this particular mode is that the 
actuators have no influence to it. This fact and what can be done in this case will be 
explained in Section 5. In mode 5, it can be assumed that the point mass does only very 
small translational movement in axial x-direction because the motor does a movement 
like a bell. The point mass does a rotation at the horizontal y-axis. Mode 6 is very similar 
to mode 5, also nearly acting like a bell but the main direction of movement is in hori- 
zontal y-direction. In this mode, a translational movement of the feet in the horizontal 
y-direction occur, coupled with a small vertical movement. The point performs only 
small movements in the horizontal y-direction again. 


Mode 2 (14,3 Hz) 


Mode 3 (23,1 Hz) 


Figure 5. Natural frequencies and corresponding natural vibration modes. 
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3.2 Experimental modal analysis 
With the visual information of the numerical modal analysis about the mode shapes, 
a constructive experimental modal analysis is possible. 


To perform the force pulse excitation a modal hammer with an exchangeable soft tip 
and an additional mass is used. With the combination of a soft tip with a large mass, 
the lower spectrum of this structure can be excited. Figure 6 a) to d) shows the execu- 
tion and the results of the experimental modal analyses. Therefore, the natural fre- 
quencies can be determined. Mode 5 and mode 6 were examined in two additional 
experiments. A total of six measurements were evaluated. An explanation of move- 
ment is only given, if the behaviour is different to the explanation in the previous 
section. 


Figure 6 a) shows the measurement of an impact on the terminal box in axial x-direction. 
Two dominant resonances occur here - mode 1 at a frequency of 12.1 Hz and 
mode 5 at a frequency of 52.9 Hz. The magnitude of mode 5 is lower than for 
mode 1. This mode was better excited by one of the additional experiments with 
a greater gain about —6 dB. The second measurement of the impact is shown in 
Figure 6 b). This impact has excited three modes. Only mode 2 and mode 6 are 
ex plained here, as mode 4 is described below. The magnitude of mode 2 at 
a frequency of 14.6 Hz has a sharp peak. The peak of mode 6 has a low magni- 
tude (about —18 dB). Therefore, a second additional experiment with an impact 
on the lower part of bearing shield in axial x-direction was done, which resulted in 
a sharp and tight peak (—7 dB) at a frequency at 59.6 Hz. The aim of the impact 
at measurement point 3 (Figure 6 c)) was to determine the natural frequency of 
mode 3. Since an impact in the center of mass was not possible, two more modes 
were excited. The nonideal impact in this experiment presumably is the reason 
for the low magnitude of —15 dB. However, the peak of this mode is sharp 
enough to read the frequency at 25.0 Hz. As the result of the fourth impact 
(Figure 6 d)), mode 4 was excited very good with a sharp and high peak (4 dB) 
at a frequency of 41.2 Hz. 
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Figure 6. Natural vibrations at the measurement points. 
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Table 3. Summary experimental modal analysis — modes with corresponding 
natural frequencies. 


Description 


Mode 1 
Mode 2 
Mode 3 
Mode 4 
Mode 5 
Mode 6 


As preliminary summary, Table 3 shows the natural frequencies of the experimen- 
tal modal analysis. The first four rigid body modes could be successfully excited in 
exper iments 14 and the natural frequencies of these could be determined. To 
determine the frequencies of the fifth and sixth rigid body modes it was necessary 
to extend the impulse test by two excitations at different points below the motor 
center of gravity. By extension of the test these two modes could be assigned 
clearly to the frequencies. 


4 RESONANCE FREQUENCIES AND POWER CONSUMPTION 


In order to determine the resonance frequencies, the actuators are used as shakers. 
Based on the simulation results in Figure 5, the four actuator systems were intercon 
nected. By different interconnections of the actuators and the crossing of the low fre- 
quency band (up to 80 Hz) it was tried to excite all rigid body modes known from 
numerical simulation and to determine their resonance frequencies. The damping 
degree of the damping elements are usually in a range between 0.05 to 0.1. The damp- 
ing of steel springs is much lower (0.005 to 0.01). Thus, it is expected that the reson- 
ance frequency is almost similar to the natural frequency. To determine the resonance 
frequencies a simple way was chosen, shown in Figure 7 a). Therefore, a signal gener- 
ator gives a harmonic sinusoidal excitation to both of the amplifiers which amplify the 
signals. Each amplifier drives two actuators. In the test, the excitation frequency was 
increased continuously by 1 Hz and near a resonance, the resonance was passed 
through in steps of 0.1 Hz. Three test configurations resulted in most of the desired 
modes and frequencies. However, not all of the desired six modes could be excited. 


In the first test configuration, the two actuator systems 1 and 2 on drive side and the 
two actuator systems 3 and 4 on non drive side were operated in pairs and in anti- 
phase (180°) to each other, see Figure 7 b). Due to this configuration, mode 1 could 
be excited at a resonance frequency of 12.0 Hz and mode 5 at 52.2 Hz. In the second 
test configuration, the two lateral actuators were operated in pairs and in antiphase 
(180°) to each other (actuator system 4 and 1 work in antiphase to system 2 and 3). 
Here, mode 2 could be excited at a resonance frequency of 14.6 Hz. In third test con- 
figuration, where all of the actuators work in phase mode 3 could be effectively excited 
at a resonance frequency of 24.8 Hz. 


345 


a) 

P 2 actuators 
frequency amplifier. D agitosatema) 
generator 

ee changing phase ifi >| 2actuators 
(harmonic excitation) (0° / 180°) amplifier 2 (parallel to each other) 


Figure 7. A) schematic of open loop control for the actuators b) numbering of 
actuators. 


All modes, except modes 4 and 6, could be excited in this test configuration as shown in 
Table 4. Mode 4, which can be excited only by an excitation at the horizontal y-axis for 
example by a couple unbalance of the rotor, cannot be excited with the actuator systems. 
Furthermore, no resonance frequency could be determined for mode 6. An increase in 
amplitude can be observed but due to the damping effect of the damping elements the 
amplitude is very broad that a frequency cannot be specified for this mode. 


Table 4. Summary shaker excitation - modes with the corresponding 
resonance frequencies. 


Description 
Mode 1 (1st test) 
Mode 2 (2nd test) 
Mode 3 (3rd test) 
Mode 4 

Mode 5 (1st test) 
Mode 6 


Since the voltage and current were recorded in all test configurations, a reverse con 
clusion can be made about the electrical requirements of the system with harmonic 
system behaviour. As in the measurements of the resonances the four actuator sys 
tems were interconnected in the same three test configurations and the frequency 
band was crossed. The current was held constant by adjusting a harmonic voltage 
excitation at each measuring point, with actuators running in shaker mode. In each of 
the resonance frequencies the important values were recorded, which are shown in 
Table 5. The velocity values were measured at the bearing shield of drive side, in refer- 
ring to [5]. The measurements show that in each resonance frequency with 200 mA 
current (per actuator) the velocity of the characteristic movement direction was 
greater than the permitted value of 7.1 mm/s. For example, Test 1 at a resonance fre- 
quency of 12.0 Hz only an electrical active power of 0.43 W is necessary for each 
actuator. 
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Table 5. Measured values for electrical requirements. 


Test 1 Test 2 Test 3 


(DE antiphase to (side by (all same 
NDE) side) phase) 


Frequency 12.0 14.6 24.8 
Terr (per 200 200 200 


actuator) 
Vert 


Ver horizontal 


Ver axial 


Ver Vertical 


5 COMPARISON OF MEASUREMENTS AND SIMULATION 


To conclude the modal analyses, Table 6 shows the determined modes with their fre- 
quencies. During shaker excitation, modes 4 and 6 could not be detected due to the 
system and the wide band deflection. In the lower frequency band, the finite element 
model fits well with the results of the pulse excitation and the shaker test. Due to the 
shortcomings caused by the reduction of the complex motor model and the neglecting 
of the damping, the results of the finite element model from mode 4 are higher than the 
measured natural frequencies of the system. A main reason for the differences between 
numerical and experimental modal analysis is the additional stiffness associated with 
the simplification of the point mass. The frequencies of the shaker test and the impulse 
excitation are very close together. A comparison to the previous study [4], where the 
motor was directly mounted on the elastic steel frame foundation, shows that the actu- 
ator systems lowers the natural frequencies significantly. Mode 4 did not appear in the 
lower frequency range of the previous study and therefore, it was not considered. The 
frequency of mode 6 was also so high before the conversions that it did not fall within 
the speed range of the motor and was therefore not considered by the study. 


Table 6. Comparison of the modal analyses from experiments and ana- 
lyses from a previous study [4]. 


Experimental model 
Finite Experimental analysis from previous 
element | model Shaker study without 

model analysis excitation | actuators [4] 


11.6 12.1 12.0 30.5 Hz 
14.3 14.6 14.6 35.3 Hz 
23.1 25.0 24.8 52.8 Hz 
47.0 41.2 - Hz 
58.4 52.9 . 109.0 Hz 
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6 CONCLUSION 


The aim of this paper is to show the influence of an actuator system, which is 
mounted between an elastic steel frame foundation and a motor, on the natural fre- 
quencies and the mode shapes of a test bench. It could be shown, that already 
a simplified finite element model is sufficient to provide good results in relation to 
natural frequencies in the lower band (up to 40 Hz). A comparison between numer- 
ical modal analysis and experimental modal analysis confirms this. Above this fre- 
quency the results from nu merical modal analysis are systematically too high. In 
comparison to the preliminary study [4], the natural frequencies of the system are 
much lower than before due to the actuator systems. The order of modes changes 
and new modes occur. Now, six instead of four modes occur in the desired frequency 
range due to the use of the actu ator systems. Mode 4 is special, because this mode 
is the only one that has horizontal and axial, but no vertical deflections. This mode 4 
has to be damped passively. In all other modes vertical movements occur, which can 
be influenced by the actuator systems. Furthermore, with a reverse investigation the 
paper has shown that the actually mounted actuators with a continuous force of 7 
N are sufficient enough and only low power is necessary to influence the vibration 
behaviour of the whole system. Until now, the actuators have only been controlled in 
open loop by the signal genera tor and amplifier. As research continues, the system 
will be extended by a controller and a power unit to control the actuators in closed 
loop. Therefore, every actuator system can be controlled separately. The various 
control strategies can be tested in practice on a scaled but similar system in refer- 
ence to [6]. For a better understanding and further measurements, additional sen- 
sors will be mounted on the motor on non drive side and within the steel frame 
foundation in center of the actuator systems. 
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ABSTRACT 


Due to an oscillating input torque created by the cylinders, a crankshaft is submit- 
ted to a detrimental phenomenon, the rotational irregularities. Moreover, these 
oscillations are known to excite the crankshaft torsional modes, able to break the 
part if no damping is provided. In this paper, the authors introduce a hybrid con- 
trol concept that consists in an electromagnetic coupling of a passive rotating 
tuned mass damper and a permanent magnet machine, which aims to redistribute 
the energy in the system depending on the operative conditions. Results are pre- 
sented on the performance of such a concept in numerical simulations and 
a guideline for the typical behaviours that characterize the damper due to non- 
linear effects and inherent conditions is outlined. 


1 INTRODUCTION 


The working principle of a 4-stroke internal combustion engine (ICE) is well known. 
After the admission of fuel and air in the cylinder, the mix is compressed and ignited, 
creating an explosion that moves the piston, and creates a rotating motion on the pro- 
pelling shaft thanks to the crank. The gas is then exhausted and the cycle starts again. 
However, that cycle takes place every two turns of the crankshaft, which means the 
torque created by the explosion is a 4n-periodic function. Moreover, the lever arm cre- 
ated by the crank also depends on the angular position, and so does the pressure in 
the cylinders that creates the torque. After calculation, it appears that the torque 
exerted by a cylinder on the crankshaft is a multi-harmonics periodic function of the 
angular position of the shaft itself. Combining the influence of the Neyi cylinders, 
although letting aside the - non-negligible - incidence of the rotating inertias, we 
obtain a well-known result [1]: the input torque is a periodic angular function which 
spectrum displays all harmonics multiple of Neyı/2, with an average value that is noth- 
ing else than the propelling torque. 


However, the magnitude of those additional harmonics, which is naturally dependent 
on the pressure in the cylinders and so on the engine regime, can be high [2], espe- 
cially for the lower harmonics. Consequently, the input torque is not a constant value 
but an oscillating function, and the influence of this oscillation appears in the dynamics 
of the shaft. This means in particular that the output speed of the crankshaft, and then 
the input speed of the rest of the driveline, is also an oscillating function, with the 
same harmonics as the input torque. This phenomenon, often referred to as “rota- 
tional irregularities”, is a problem, as it leads to noise and early fatigue in the driveline, 
and especially in the gearbox. The traditional way to decrease the magnitude of the 
oscillations is to add inertia to the back end of the crankshaft, with a flywheel or its 
further developments (Double or Triple Mass Flywheel (DMF [3], TMF [4]), Centrifugal 
Pendulum Vibration Absorbers (CPVA [5]), variable inertia [6], etc). This solution 
enables a consequent mitigation of the oscillations, but is not enough and needs 
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constant improvement to reach the present standards, which paves the way to the 
emerging active and semi-active alternatives [7-8-9]. 


The second problem created by the oscillating torque is the excitation of the critical 
frequencies of the crankshaft by the harmonics of the input torque. These are spatial 
harmonics in so far as they depend on the angular position of the shaft and not on the 
time. Consequently, this excitation depends on the instantaneous angular speed that 
we have already depicted as a harmonic function, which average is the engine regime. 
Among the various modes, the most dangerous one is the first torsional mode [10], 
which can break the shaft very quickly if no additional damping is provided. To tackle 
this issue, the traditional solution is a viscous damper located on the front end. It is an 
efficient solution, but at the cost of a vibration energy dissipated as heat. In heavy- 
duty vehicles, a power up to 1kW can be wasted this way. 


To that extent, the oscillating torque applied on the crankshaft is a twofold problem. 
However, the cure is different for the two: the vibration damper is an energy sink while 
the newest flywheel concepts need power supply. There is then a need for an energy 
management that enables the vibration damper to feed a semi-active device to miti- 
gate the rotational irregularities. The present paper offers a concept for such a type of 
damper, as well as some of its important behaviours observed in numerical 
simulations. 


2 HYBRID CONTROL CONCEPT 


A crankshaft is often modelled as a discrete set of inertias, torsional springs and tor- 
sional dashpots, with as many inertias as cylinders and wheels. However, as there is 
only one mode considered (the first torsional mode), we suppose for a matter of uni- 
versality and simplicity that we have only two inertias in the crankshaft (J; and I>), 
linked by one torsional spring (Kreg) and one torsional dashpot (Creq). To that extent, 
only two modes are considered, namely the first torsional mode and the rigid body 
mode. This little detour by the modelling paves the way for the description of our 
concept. 


This one can be summed up by the following sentence: a combination of energy har- 
vesting and controlled damping in a coupled multi-physics and rotating device. It is 
indeed a multi-physics design as the easiest and most common way to harvest energy 
is via an electrical circuit. 


2.1 Vibration damper 

The first necessary adjunction to the crankshaft is a damper. The traditional viscous 
damper is not suited as it would be complicated to convert the heat into electricity. We 
introduce instead a rotational tuned mass damper (rTMD), which consists in the cre- 
ation of an additional torsional degree of freedom on the lighter of the two inertias 
(the front one), which canalizes a part of the vibration energy and eventually 
decreases the magnitude of vibration at resonance. The literature about its working 
principle is extensive when translational motions are involved, but is quite rare about 
its performance in rotation. The base principle is nevertheless the same. Its inertia, 
stiffness and damping coefficient are determined using Den Hartog’s principles for 
tuning [11], replacing the usual masses by inertias, and considering the equivalent 
modal inertia for the tuning. 


This passive rTMD is designed so to enable a safe and secure operation of the crank- 
shaft in case of failure of the whole system. Moreover, it creates a mechanical degree 
of freedom, which energy is easy to transform into electricity with either a piezo or an 
electromagnetic converter. As the magnitude in rotation of the rT™MD is quite high, the 
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electromagnetic converter suits better [12], and makes our rTMD a device close to an 
active mass damper (AMD). We can see this converter as a magnet set on the r'MD 
that moves within a coil, which itself is clamped on the front degree of freedom. The 
induction phenomenon creates a current in the coil that has two consequences: 


- Acurrent is indeed harvested 

- There is a torque created between the coil and the magnet due to the electro- 
magnetic interaction, that slows down the rTMD (detrimental effect) but also 
exerts an additional effort on the front degree of freedom 


On the other hand, the reverse (AMD-like) behaviour is also possible, in which 
a current in the coil, provided by another source, amplifies the motion of the rT™MD 
thanks to the torque created. In our model, this source is nothing else than the rota- 
tional irregularities damper. 


2.2 Rotational irregularities damper 

The design of the rotational irregularities damper part was first inspired by present 
academic or industrial research [8-9-13-14]. It consists in a permanent magnet syn- 
chronous machine (PMSM) with its coils located on the flywheel in a salient-pole-like 
fashion, and surrounded by a set of permanent magnets clamped to the frame. 
A sketch of the whole concept and a possible layout for the two parts is given in 
Figure 1, and provides a better hint of the working principle and design. This sketch 
is limited to a proof of concept, and does not aim to describe the actual implementa- 


tion in a real system. 


Figure 1. 3-DoF sketch of the damper concept. 


This PMSM also relies on the electromagnetic interaction between the coil and the 
magnets, and has two possible behaviours as well. Either the current harvested by the 
rTMD creates a torque thanks to the induction phenomenon, which enables 
a mitigation of the output rotational speed oscillations depending on the current and 
the shape of the magnets layout. Or, the rotation of the coils in the magnetic field cre- 
ates an electromotive force (EMF) that itself leads to the circulation of charges and 
slows down the rotation of the flywheel, including its oscillations. However, these are 
the two “ideal” behaviours of each part, but the coupling between the two actually 
leads to an “intermediate” behaviour, that must be tailored to be beneficial. 
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2.3 Coupled circuit 

Figure 1 also shows with red lines the electrical coupling, and with red arrows the elec- 
tromagnetic interactions. In the coupled circuit, we ensure the possibility to add 
another impedance, Zem, which purpose is to adapt the values of resistance and 
inductance in the circuit. Indeed, those values contribute to the phase of the current, 
which control is essential in order to decrease the oscillations, for we need at least 
a negative contribution of the electromagnetic torques created on the front end and 
on the back end. However, the phase of the EMF created on the flywheel is relative to 
an arbitrary initial position between the coils and the magnets. We consider the initial 
angular position, p, as the angle between the direction of an arbitrary coil and the ver- 
tical upwards direction (see Figure 2a). 


3 MODELLING THE HYBRID DAMPER 


3.1 Space derivative of the magnetic flux 


mn 
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Figure 2. a. Interaction between a coil (rotor) and a magnet (stator) 
b. Magnetic flux and derivative as a spatial function. 


In order to understand the EMF created by the rotational irregularities damper, it is 
necessary to recall the base equation of the induction, which is Faraday's law. If we 
note ¢ the overall magnetic flux between the sets of coils and magnets, we have: 


=e 
erw = dt 


(1) 
Due to the rotation, we know that the EMF is an angular periodic function. If we 
introduce the angle, 0> according to the sketch in Figure 1, we get: 


ery = — 70,” (2) 


The EMF is then defined as the product of two functions, the instantaneous angular 
speed (IAS) @, introduced in the next subsection, and the spatial derivative of the 
overall magnetic flux to 82. This latter is unfortunately not very well known. Most of 
the time its precise description on a given machine is either measured experimentally 
or simulated using a FE analysis. We can however approximate its shape using simple 
equations. Indeed, as we can see in Figure 2a, the local magnetic flux is maximal 
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when a coil n is facing a magnet m, then decreases to 0 when the coil turns away, and 
then increases again to its maximal value after a complete rotation to start a new 
cycle. This description is close to the construction of the permeance model by Ostovic 
[15]. To that extent, we assume an analogous description of the local magnetic flux, 
which is given in blue in Figure 2b, with a cosine to bridge the gap between the max- 
imal value and 0. The angular derivative, depicted in red, lets then only one positive 
peak and one negative peak, described with a sine function. The summation yields: 


do dmn 
do X D dô» (3) 


Of course, the exact description depends on the layout and number of magnets and 
coils. It is the same for the total electromagnetic torque Cem = R.F.,created by the 
damper, R being the radius of the flywheel. The Virtual Work method as introduced in 
[16] and [17] recalls that the electromagnetic torque is the derivative of the magnetic 
co-energy with respect to the angular position. This provides: 


aw, OWrago(2)  b(02) 1 OL (62) 
mag mago i 2). coe 2). 2 
Cem,th = a0 = 302 T 30, i(@2) t 2 a, i(O2) (4) 


Assuming a constant inductance and no initial magnetic co-energy this expression can 
be restricted to its main component: 


Cem = -zz i02) (5) 


This is also consistent with the common assumption that the coupling coefficients in 
the two descriptive equations of electromagnetic transducers are equal. In that case, 
se is seen as a coupling function, denoted Tr in the remaining of the paper. 
3.2 IAS approach for the description in non-stationary operation 

In equation (2), the second term is the IAS ġ, that we know as a multi-harmonic oscil- 
lating function. An example of this function is given in Figure 3, for a 6-cylinders crank- 
shaft. The oscillating behaviour with a predominance of the third harmonic is 


noticeable. 


This result is dependent on the excitation, and so on the engine regime. In order to 
describe properly the oscillation whatever the regime, it seems difficult to rely on the 
time variable, as it would be necessary to make assumptions about the oscillation 
shape and harmonics. Moreover, both the input torque and the spatial derivative of 
the magnetic flux are angular functions. To that extent, we adopt in our model an 
angular description of the dynamics instead of a time description. 


In order to change the variable, we use an IAS approach [18] applied on a state-space 
model, as a time derivation is equivalent to an angular derivation times the IAS, as (6) 
puts it. This description is mainly used to detect defaults in bearings, but is also per- 
fectly suitable here. Still, our two angular functions are not parameterized by the 
same angle. We choose 0; as the determinant variable, as the input torque applies on 
the first degree of freedom. 


dX(t) 
odt 


XO a1 404 6,).X(6,) + B(t,O1).Ut,) (6) 


= A(t, O,).X(t) + B(t,01).U(t, 01) > do, di 


The consequence in the state-space model is then a division by@,, with the inherent 
assumption that this speed is strictly positive. To that extent, we must ensure that it 
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remains under control, especially because of the dissipation caused by internal 
damping. 


Oscillations of the input torque Oscillations of the output speed 


Oscillations of Ca [Nm] 
o 
Oscillations of dTh, [rad/s] 


-4500 | 1000 RPM 
— 1500 RPM 
—— 2000 RPM 


100 200 300 400 500 600 700 i 0 100 200 300 400 500 600 700 
Angular position [°] Angular position [°] 


Figure 3. Torque C, and IAS ġ, without damping, for three regimes. 


3.3 Equations of the 3-DoF model 

The last point to describe is the electromagnetic interaction at the rTMD. It behaves as 
an electromagnetic converter, and is to that extent described in the same way, with 
a constant coupling coefficient T2 linking the current to the effort between the rTMD 
and the front wheel, as well as the deformation speed 8, — to the EMF created in the 
coil. With the three mechanical degrees of freedom, we can draw three coupled elec- 
tro-mechanical equations with two excitations: the input torque C on the front wheel 
and a resistive constant torque C, on the back wheel, to balance the average acceler- 
ation. Our coupled circuit can be described as a series circuit with a resulting induct- 
ance Lo a resulting resistance Re, and two voltage generators depicting the EMFs, thus 
yielding a fourth electrical equation: 


Lo + Crump ` (4 a 61) + krup: (90 — 1) + Thi =0 
ho, +ermp-(61 = 66) reg Q -6) + krup ` (01 — Bo) + kreg ` (01 — b2) — Tzi = Ca (01) 
Dð + creg (6, 61) b kre + (0h ~ 01) — THB) -i = —C, 
Led + Rei + T(O2) 2 + Ta: (6, — 6) =0 


These equations describe the general behaviour of the coupled system shaft-hybrid 
damper. They enable the constitution of the state-space vector [42, 01, 4%, 02,1, 4, i] and 
the non-linear state-space matrix. The system is then solved for various engine 
regimes using MATLAB Simulink, with an output vector divided at each angular step 
by 6i. 


4 IMPORTANT BEHAVIOURS 


4.1 Multi-harmonic excitation and harmonics superposition 
As the input torque is multi-harmonic, it is interesting to understand whether the cor- 
rection of one harmonic also has an influence on the other harmonics. The various 
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input harmonics being independent, we can suppose that they are also independent in 
the response. However, as Tris a harmonic function, we actually have two products of 
functions, one in the electric equation and one describing the electromagnetic torque 
created by the PMSM at the flywheel. Two consequences: if T does not involve the 
same harmonics as C,, other harmonics are created in the response but no correction 
is provided for the actual excitation. If it does, there is a correction, but this product of 
functions yields a constant value (at frequency 0) and a doubled harmonic. Yet the 
harmonics of the input torque are all multiple of Ncyı/2, so a doubled harmonic may 
have a consequence in the correction. 


Figure 4 shows the difference for three scenarios, respectively a H9 or H18 mono- 
harmonic excitation, one H9+H18 multi-harmonics with the same magnitudes as 
before and one H6+H9+H18 multi-harmonics with the same magnitudes as before. 
For each harmonic, the initial angular position p is adapted to achieve the minimal 
oscillation in torsion under a mono-harmonic excitation. 
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Figure 4. - Mono-harmonic and multi-harmonic excitations. 


Obviously, there is no particular influence on the 9" harmonic when other harmonics 
are added. On the contrary, the introduction of a H9 sub-harmonic when a H18 is 
involved leads to a valley around 1600 RPM for the tested model. In the third scenario, 
the influence of the 6" harmonic does not lead to main changes, although the spec- 
trum also displays a bunch of new harmonics that did not exist in the input torque. 
This discloses that there is an actual influence between the different harmonics, and 
that it is not possible to consider the several harmonics separately. 


4.2 Behaviour in acceleration 

The vocation of a crankshaft is not to rotate at a given constant regime. It under- 
goes phases of accelerations, decelerations and stability. To that extent, it is neces- 
sary to ensure that the damper offers efficient damping over the complete range of 
rotation, from idle to maximum speed (the case of starting the engine is let aside). 
We already know that the initial angular position p has an importance, as it modifies 
the phase shift between the efforts created by Ts and the other efforts. 
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Figure 5. — Effect of the hybrid damper over a constant acceleration. 


Figure 5 illustrates this statement for a simple case of constant acceleration from idle 
(600 RPM) to maximum speed (2600 RPM), with a H9 mono-harmonic excitation. This 
is merely another representation of what a Bode diagram would display. However, it 
paves the way for more complex acceleration schemes as well as for multi-harmonic 
excitations. It shows the efficiency of the damper for a magnitude of 0.2 for Ta In the 
case p=0 for that simulation, we achieve a very good damping at high speeds 
(-10dB), but it is average at resonance (-3dB) and weak at low speeds. For the case 
p=-n/2, there is an amplification at high speeds (+0.5dB), but an acceptable damping 
at resonance (-4dB). This indicates the need for a dynamic adaptation of p over the 
complete speed range, in order to maximize the damping effect over the whole range. 
It can be also noticed that the maximum value is reached for lower speeds, which is 
a main feature of our damper concept. 


4.3 Incidence on rotational irregularities 
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Figure 6. - FRF 0,/C, with and without the damper. 
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We have mainly seen the case of vibration mitigation, but it is also necessary to evalu- 
ate the performance in rotational irregularities damping, which means the magnitude 
of the oscillations in@,. Again, this performance depends on the considered engine 
regime and on the parameters of the hybrid damper. Figure 6 illustrates the effect for 
the same magnitude as previously and the most favourable p. A greater magnitude 
would simply amplify the phenomenon. It appears that the effect is dramatic at high 
speeds, with up to 10dB less with the damper than without. However, the performance 
at low speeds, where the oscillations and so the effect of the rotational irregularities 
are the highest, is weak, which can be accounted for a lower current harvested at the 
PMSM. 


5 DISCUSSION AND FUTURE WORKS 


The present work shows that our damper concept successfully manages the energy to 
mitigate at the same time the torsional vibrations and the rotational irregularities. 
However, the influence on the rotational irregularities is very limited in the speed 
range where these irregularities are the most detrimental. A possibility to overcome 
this limitation could be a combination with the newest concepts on passive and active 
dampers, especially the DMF or the e-DMF [7]. Moreover, the present electro- 
magnetic description for Tand T2 is simple and does not involve loss models or satur- 
ation that would affect the dynamics and the shape of the harvested current. The 
system being already non-linear, such additional non-linearity could lead to a different 
behaviour. 


Still without this additional description, the introduced matter of phases and of 
multi-harmonics combination drastically complicates the prediction of an optimal 
design. The most suitable solution seems to be a dynamic adaptation of the initial 
angle p using an additional impedance Zem in the circuit, with the sole limitation 
that no capacitance is considered. Otherwise, the electric equation changes to 
aon degree equation in the charge, leading to a resonant behaviour that would 
considerably alter the dynamics. Another improvement at low rotation speeds 
could be an adaptive switch on/switch off in the electrical circuit, which could acti- 
vate the coupled circuit only when it is more efficient than the passive damping 
system brought by the rTMD, hence the importance of an effective fail-safe 
tuning. However, both require the addition of a control unit within the rotating 
system, as well as its power supply. 


Future works will consist in an investigation of such improvements in the model and in 
the test of other acceleration-deceleration patterns to prevent any detrimental behav- 
iours under non-stationary conditions. Additionally, the design and testing of a 3-DoF 
prototype is necessary in order to corroborate the numerical simulations and set up an 
experimental proof of concept. As the electromagnetic coupling at the r™MD tends to 
detune it if no external current is applied, future works could also feature an investiga- 
tion of the potential benefits of passive or hybrid untuned mass dampers. It could 
indeed be on interest for the harmonics that do not excite the resonance frequency, 
even though the fail-safe property is lost. 


6 CONCLUSION 


In this paper, we have seen a new concept for a crankshaft damper that aims to 
reduce at once the torsional vibrations as well as the rotational irregularities through 
an electrical coupling, which enable to dispatch the energy where it is needed. This 
concept is pRoved efficient on numerical simulations, even though the rotational 
irregularities mitigation at low speeds is weak or inexistent. The several non- 
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linearities that characterize its dynamic behaviour limit the possibility to determine an 
optimal design for the damper, and the various phase shifts in operation suggest the 
need for an adaptive behaviour. However, the sharp damping effect at high speeds 
makes this design concept relevant. 
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ABSTRACT 


Reduction of model size reduces cost of calculation, processing and simulation. This 
paper attempts reducing size of equations of motion for a general rotor-dynamic 
system. A rotor-dynamic system comprises the shaft, disc or discs and support or sup- 
ports. The former is a continuum with distributed inertia, dissipation and restoring 
properties. Discs, bearings, and supports, add locally, inertia, gyroscopic effects, 
restoring and stationary and rotary dissipative effects, unlike the shaft. Therefore, the 
shaft requires many more coordinates than the discs, bearings and supports to 
express its effects in the equations of motion, causing inflation of model size. Litera- 
ture reports that the technique ‘System Equivalent Reduction Expansion Process’ 
(SEREP) and its modification to reduce the rotor-dynamic systems as a whole at each 
speed of rotation. The system matrix is generally non-symmetric, varies with spin 
speed, and a change in local effect, e.g. its location, properties, therefore, calls for 
a fresh reduction. In contrast, this paper reports reducing dynamic behaviour of only 
the shaft continuum and then adds the local effects subsequently, avoiding a fresh 
reduction. Thus, this paper proposes appropriate transformation matrices, which act 
upon the original system matrix to achieve the model of reduced size, that may be 
suitably augmented with local effects, e.g. inertia, restoring, gyroscopic effects, and 
dissipation properties, wherever desired, and very importantly the information of spin 
speed, without inflating the reduced size. A close match exists between the modal 
matrices of proposed reduced model and earlier published model based on Pseudo- 
Orthogonality Check (POC). A close match between relevant eigenvalues and 
response, between those predicted by Finite element method simulation and those 
predicted by the present methodology. This proves correctness of the reduction 
proposed. 


Industrial Applications 


Adjusting the rotor-shaft system characteristics at the design stage will be extremely 
simple and easy to use by following this process. Change of system properties may be 
easily tracked by revaluating the system. Applying control measures on a rotor-shaft 
system may be applied better with the help of a short model. 


1 INTRODUCTION 


Reduction of model size has gained importance after the successful development and 
use of finite element methods by academia and industry. The finite element 
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formulation generally provides a large set of equations, handling and solution of which 
becomes very costly. The model size reduction in physical coordinates was introduced 
by Guyan (1) as a method to decrease the size of dynamic equations for making the 
computation easier and faster. Thereafter, many researchers worked on improvement 
of reduction techniques for vibratory systems. A concise description of various reduc- 
tion methodologies is given by Qu in (2). The reduction techniques are generally div- 
ided in two subgroups namely physical coordinate reduction and generalized 
coordinate reduction. The Guyan reduction (1) and its various modifications form the 
basis of physical coordinate reduction. The pioneering work on generalized coordinate 
reduction was done by O'Callahan et al. (3) which resulted in a reduction method 
called SEREP standing for System Equivalent Reduction Expansion Process. All the 
major reduction techniques found good application in structural vibration problems 
whereas the application of the reduction, especially the modal coordinate reduction, 
on rotor-dynamic systems, has been far less in comparison. General distribution of 
damping, gyroscopic effects, rotating damping (originating from material damping in 
the rotor shaft, from fluid films in fluid film bearings, Alford’s force), in rotor-dynamic 
systems call for representation in state-space, where system matrix becomes asym- 
metric in general. So, asymmetry of system matrices necessitates consideration of 
both right and left eigenvectors of the system matrix for the purpose of reduction. 
Friswell et al. (4) applied various reduction techniques including SEREP on rotating 
system with gyroscopic effects but the transformation matrices were formed without 
taking into account left and right eigenvectors thereby compromising on the bi- 
orthogonality conditions. Furthermore, (4) did not include the rotating damping in the 
system and finally concluded that the available reduction techniques were not suitable 
to reduce the systems with gyroscopic effects and damping. Das and Dutt (5) pre- 
sented a modified version of SEREP, which formed the transformation matrix pairs as 
used in SEREP, however by taking both right and left eigenvectors of the non- 
symmetric system matrix into account. The authors presented application of modified 
SEREP in controlling the rotor vibrations in (6). Shrivastava and Mohanty (7) used 
modified SEREP technique for estimating single plane unbalance properties by 
employing Kalman filtering based estimation technique thereby widening the scope of 
the application of modified SEREP reduction technique. 


Most of the reduction methodologies of rotor-dynamic systems in state space do not 
permit any addition or alteration of local effects, (for example, adding, removing or 
shifting the location of discs, bearing or supports or changing values of parameters), 
after the reduction is done, and the corresponding transformation matrices are 
obtained. Therefore, if needed, transformation matrices for the modified system (i.e. 
after the addition or alteration of local effects are done), may be obtained only after 
following the reduction methodology afresh. A fresh reduction is also called for, to 
obtain a reduction of model size for a different spin-speed, as the system matrix is 
generally dependent on spin speed due to the presence of gyroscopic effect, rotary 
form of damping, etc. A fresh reduction every-time thus causes unnecessary wastage 
of computational time and resources and is unfriendly at least in the design stage. Han 
et al (8) used Krylov subspace based model reduction method to make the transform- 
ation matrices derived from Krylov-basis vectors by considering non rotating 
undamped rotor bearing system and using them on the damped rotating system. Fris- 
well (4) applied the similar method of using undamped stationary system to form 
transformation matrices and apply them on the damped rotating systems using mul- 
tiple techniques including SEREP but the results obtained were not encouraging. The 
SEREP and modified SEREP techniques are spin speed dependent which makes their 
practical applications difficult. Therefore, a transformation matrix pair for SEREP 
reduction, independent of the influence of additions or alterations of local effects and 
spin speed is very much beneficial, as then the designer is able to directly find the 
reduced model size to see the effect of changes (addition and/or alteration, speed) in 
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design. This inspired the authors to work for a reduction methodology devoid of the 
influences of local effects and spin speed. Subbaiah et al.(9), Genta and Delprete (10) 
did add the bearings after reduction but their reduction was carried out directly using 
component mode synthesis (9) or directly in second order equations without taking 
gyroscopic effects and damping into account in reduction (10). Friswell et al (11) 
described a method to reduce system with local non linearity by considering it as 
a forcing function and using the transformation matrix of the rest of the system to 
reduce the forcing function matrix which includes the local non linearity. The method 
was inspiring and the present work extends this philosophy in quest of a reduction 
methodology devoid of the influences of local effects and spin speed as proposed 
above. The validation of reduction techniques not only involve transient and steady 
state analysis but also includes matching of eigenvectors. Thereby mode correlation 
techniques play an important role in validating a reduction methodology. Zuo et al 
(12) used Modal Assuarance Criteria for validation of their proposed reduction 
technique. 


In the current work, a novel reduction methodology based on modified SEREP is pre- 
sented, wherein the need of repeating the reduction process with the change in local 
effects, gyroscopic effects or rotating damping are eliminated. The same transform- 
ation matrices obtained once can be utilized for reduction of system having different 
local effects, speeds and rotating damping coefficients. A set of numerical examples 
are provided in support of the above. Finally, the Pseudo-orthogonality checks (POC) 
(13) are used to compare the eigenvectors obtained 1) by following the reduction 
methodology of the full model with modified SEREP (5) and 2) by following the pro- 
posed reduction methodology, to validate the current reduction model. A close match 
between the eigenvectors of the above methodologies proves the correctness of the 
proposed methodology. 


2 ANALYSIS 


2.1 The philosophy of reduction 

A general dynamic system generates inertial, gyroscopic, restoring and both station- 
ary and rotary dissipative effects when subject to generic dynamic forcing. These 
effects may be continuously distributed over the entire span or remain concentrated 
locally and accordingly the effects may fall under continuum or local. Therefore, the 
continua need many (ideally infinite, and pragmatically large but finite) degrees of 
freedom for representing them within an acceptable level of accuracy in comparison 
with the number of coordinates required for modelling the local effects. From the 
angle of view as above, in a rotor-dynamic system, primarily the effects generated by 
the shaft fall under continuum and in comparison, those generated by discs, bearings, 
gears and supports fall under local. An attempt of reduction of size of the continuum 
effects forms the basic philosophy as continua inflate the size of the model primarily. 
The current reduction technique like the modified SEREP (5) focuses on reducing the 
complete FE model of the system with both continuum and local effects, whereas it is 
clear from above discussion that reduction of model-size of the continuum should be 
the basic focus and; subsequently add the local effects appropriately. The same is pro- 
posed and attempted here. Towards this end, this paper proposes a proper set of 
transformation matrices (a transformation matrix pair) for appropriate addition or 
proper positioning of the local effects in the reduced continuum system. This tech- 
nique makes the reduction process independent of local effects and allows modifica- 
tion (addition, alteration in position as well as properties) of local effects without 
repeating the reduction afresh. Finally, since the continuum of any material will pro- 
duce approximately similar normalized right and left eigenvectors if the geometry 
remains the same, the transformation and inverse transformation matrices 
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(transformation matrix pair) constituted from the normalized right and left eigen- 
vectors may be considered independent of material properties. 


Based on the above discussion, it transpires that reduction methodology should 
include gyroscopic and rotating damping effects from the continuum in reduction pro- 
cess to obtain transformation matrix pair. However, a correct reduction process like 
modified SEREP (5), which preserves the mode shapes, allows to keep the rotating 
damping out of the reduction process. The effect may be added directly in the reduced 
system of equations because rotating damping forces and gyroscopic effects do not 
influence the mode shapes of the system heavily, even though these effects are 
spread throughout the continuum. All these make the methodology fast, spin-speed 
independent, flexible and help to save time. 


2.2 Governing equation and reduction mechanism 
The equations of motion of any generic linear rotor-bearing system discretized using 
finite element formulation is given by 


[M] nxn {Ih nxt a DP nxn Ginx T [K]nxn tnx = axa (1) 
[M ] = [M landas + [M loii [K] > [K] symmetric +o [K] circulatory + [K] support 


[D] = [D] + n{k] + olc] 


support symmetric 
In the above [M]„,x, is the inertia matrix, constituting translatory and rotary inertia 
having n degrees of freedom. The damping matrix [D],,,,,has contributions from support 
damping [D] support Viscous material damping with viscosity coefficient n and gyroscopic 
effects with [G] as gyroscopic matrix and as the angular velocity. Similarly, the stiff- 
ness matrix [K],x, has a symmetric stiffness part [K],mericer a Circulatory stiffness part 
[K] sirculatory (this is skew symmetric) to model the shaft element and has a contribution of 
stiffness from supports [K] suppor: The vector {/},,.,; represents the forcing function and 
the vector {q},,.,; represents the nodal displacement. Many of these effects, which form 
the stiffness and damping matrices, cause them to become non-symmetric in nature. 
The next subsections explain the reduction methodology, which uses the modified 
SEREP technique (5) as the basis and so, for the sake of completeness modified SEREP 
(5) needs some explanation. 


2.2.1 Modified SEREP- From Literature 
Modified SEREP (5), uses the state space equations of motion, given in Eq. (2) and Eq. 
(3), corresponding to Eq. (1) as described by Meirovitch (14). 


{Z}onx1 = [Alonxan {Zbanx1 + Blonxr{Y bir (2) 
{V}px1 = [C] xan{Z}onx1 T [Do] xr {u} (3) 
aae aaa lee Wyn 
Ca ced n | otia Ma 


In Eq. (2) and Eq. (3), [B], [C] and [Do] are input, output and direct transmission mat- 
rices respectively whereas {u},,., is the forcing function vector. 


To solve for free vibration case in state space, Das (5) found the eigenvalues and 
eigenvectors of the system matrix [4]. Since the system matrix [4] is asymmetric and 
real, it has different Left and Right eigenvectors, for the same eigenvalues. 


During the process of reduction, the respective modal matrices corresponding to the 
right and left eigenvectors [UJ,,,., and [V],,,., respectively, are first reduced by 
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decreasing the number of modes in the system to “m” and thereby the first set of 


reduced modal matrices [U},,and [V],,, are produced. Reducing the number of states to 


Wo 


a” causes further reduction in the matrices, which become [U], and [V;], respectively. 
The case where a is of importance, since it is a more practical situation for reduction. 
The reduction process given in detail by [5], thus obtains the following reduced equa- 


tions of motion 


{axi = [A]axa {Z}axı + Blaser {4} (4) 
D}pxı = [C] yxa Baxi ah [Do] xr {u}-x1 (5) 


[A] axa = (TlaxanlAlonx2n Planxa; Blaxr = (Tlax2nlBlanxri [C] yxa = [Oyxon [T] nxa 


In the reduced equation of motion, the transformation matrix [T] and inverse trans- 
formation matrix [7] (Transformation matrix pair) play the pivotal role. These matrices 
map the solution vector from full FE system subspace to reduced subspace and vice 
versa as shown in Eq. (6) and Eq. (7) respectively. 


{Zax = [TlaxontZ}onxt (6) 
{Zhonxt = Pls Zi (7) 
The transformation and inverse transformation matrices [T] sən [T]nxa are given by Eq. 


(8) and Eq. (9) where, superscript (+) stands for pseudo-inverse. 


[T]ax2n = [Ui] [7] ra (8) 


Flame Clia P wea AI"), il axe (9) 


axm 


2.2.2 Proposed Methodology - Continuum Reduction without rotating 
damping and gyroscopic effects 

In the proposed methodology, the general equation of motion of any rotor-bearing 
system, Eq. (1) is divided into two parts; the first part contains the mass, stiffness and 
damping properties of the continuum and permanent local effects, which will define 
the system, therefore cannot be changed, and will decide the transformation and 
inverse transformation matrices. The second part contains the mass, stiffness and 
damping properties corresponding to the temporary local effects, rotating damping 
and gyroscopic effects; these effects do not take part in forming the transformation 
and inverse transformation matrix pair. Rewriting Eq. (1) in the form as described, 
results in Eq. (10). 


[Mchnxn F [Mrr] nxn] {änx Hg [Declan] {å }nxi + [Kelaxn + [Krr]nxn] {dav =~ Fia 
[Mri]nxn tnx — (Kelnxn + lGclaxn + OlGPtInxn + LG tt )nxn + © {Baxi — (10) 
[ne [Kectlaxn + Krila] {I}nx1 


In the above, on the left, subscripts “C” and “PL” represent the effect from basic con- 
tinuum and the permanent local effects. All other effects like temporary local effects 
with subscript “TL”, gyroscopic effects (continuum and local), effects due to dissipation 
and circulatory terms and non-potential forcing functions appear on the right hand 
side of the equation. Thus in Eq. (10), [Mc], [Kc], [Kccx] and [Gc] represent the Con- 
tinuum parts of Mass matrix, symmetric stiffness matrix, skew symmetric circulatory 
stiffness matrix, gyroscopic matrix respectively and [Mpz], [Kpz], [Dpz] and [Gp,] repre- 
sent mass, stiffness, damping and gyroscopic matrices corresponding to permanent 
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local effects. [Mrz], [Kr], [Dr] and [Grz] represent mass, stiffness, damping and gyro- 
scopic matrices of temporary local effects. All permanent local effects are supposed to 
remain fixed during the reduction, based on which the transformation matrix pair will 
be formed, whereas all other local effects may be changed after reduction and their 
effects on the characteristic and response may be found by applying the same pair of 
transformation and inverse transformation matrices. 


Converting Eq. (10) to state space form results in Eq. (11). 


{Z}onxt = [Aclonxan {Zbanxa + Nelonxan {Zh anxa + (Atlonxon {Zhan + Blonxn (bax (11) 


[A | a Onn Laxn 1 
se -|Mc + Mprrlpxn Ke +Ketlnxn = —[Me+ MetlnxnlPpe nxn 


nxn 


OnxnOnxn 


-|Mc + Mere, ln@Keect + Krr)pxn [Mce + Mets WKe + @Ge + Gp + Grr, + Drr)pxn 


Onxn Ope | | Onxn ; 
- Banal = ao beka =e 
Onxn —[Mc + Mp); [Mr i [Bonxn| [Mc + Melz}, xa = fhaxa 


m=] 
m=] 


Equation (11), in state space has two components, the first component consists of the 
effects of basic continuum with permanent local effects and the second component 
consists of temporary local effects rotating damping and gyroscopic effects of the 
complete system. Only the first component of the equation given by Eq. (12) will be 
reduced, i.e. the transformation matrix pair will be found based on the following 
equation. 


{Z}onxt = clonxan{Zb2nx1 (12) 


The modified SEREP methodology as described in Eq. (2-9), is applied to reduce Eq. 
(12). If all the local effects are deemed temporary in nature and only the continuum 
part, which has free-free boundary condition, undergoes reduction, then the first few 
modes, depending upon the FEM discretization, will be rigid body modes having zero 
natural frequency. 


The reduction methodology helps to get the transformation matrix pair, [Tc] and [Tc] 
respectively from Eq. (8) and Eq. (9). It must be noted that although the transform- 
ation matrix pair is obtained by reducing Eq. (12) which contains only the continuum 
and permanent local part of the system, these matrices are still utilized to redistribute 
the temporary local effects appropriately into reduced system. Thus, these transform- 
ation matrices are used to reduce the full Eq. (11). Therefore, using the transform- 
ation matrices [7c] and [7c] on Eq. (11), the reduced equation in state-space is 
obtained and written as in Eq. (13). 


{Z}ax1 7 (AChaxatZ}axt + INL axa{Zbaxt + (ALlaxatZbax F [B]axn }nx1 (13) 


[A lexe = [Telax2nlAclonx2n [Telia Ni] aca a [Te]ax2n Nilanx2n [Telia 
[At] axa = [FclaxanlAtlonxon|PC] anscai Blaxn = [FelaxznlBlonxn 


Rearranging Eq. (13) by clubbing the terms belonging to {z},,., and {z},,., separately, 
results in equation (14). 


INT] axca{Zhaxt T AT asc Zhaxt + Blaxn(bnx (14) 
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In equation (14), 
INT] axa = laxa = [Nr] axa (15) 


[Ar] axa = Ac] axa 23 [Ar] axa (16) 


Equation (14) is rewritten as in Eq. (17), which is the final reduced form obtained from 
Eq. (11) and will be used for further numerical simulations. 


(axa = WT ical Taxa Zax + NT axa Blan nxi (17) 


The reduction methodology shows that any change in temporary local effects or prop- 
erties like speed and rotating damping coefficient, n does not call for a fresh reduction 
process or deducing matrices [7.] and |T]. This enables adding the above effects as 
desired after deriving the matrices. Including more local effects as permanent effects, 
results in a closer reduced model, which predicts closer characteristics of the reduced 
system to the unreduced system. Closeness of a reduced model to the unreduced 
model increases by increasing the modes of the continuum preserved in reduction, 
however, change of a property of continuum, like the shaft diameter, will require 
a fresh reduction. The transformation matrix pair helps to add the temporary local 
effects directly to the reduced system. The most significant contribution of this 
reduction mechanism is the fact the continuum based transformation mat- 
rices can be used to reduce rotordynamic systems with local effects, gyro- 
scopic effects, structural damping and other material properties like 
modulus and density that do not impact mode shapes. Figure 1 Shows a flow 
chart to illustrate the algorithm. It explains the complete methodology to perform 
reduction using the method presented in this work. 
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Figure 1. Flowchart illustration of the reduction process. 


2.3 Validation of the reduction methodology by using Mode Correlation 

Validation of the proposed reduction methodology is primarily achieved by comparison 
of transient and frequency response of reduced model with the full model. This is pre- 
sented in the following section. In addition to this, it is of essence that the eigenvalues 
and eigenvectors are also checked to support the proposed technique. This may prove 
to be difficult since the eigenvectors of full model and reduced model are of different 
dimensions. Thus, it is proposed to compare the eigenvectors of the proposed reduc- 
tion technique with modified SEREP, which is already published in literature as they 
are of same dimension. Modal assurance criteria - MAC (15,16) has been a preferred 
choice for this task but it is not useful in the case of bi-orthogonal systems (13). 
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Pseudo Orthogonality Check (POC) (13) given by eq.(18) has been utilized for 
quantifying the degree of correlation between modes. The POC check described in 
(13) is mass normalized. However, the eigenvectors used in the current work are 
bi-orthonormal with respect to each other. Therefore, there is no mass normaliza- 
tion in Eq. (18). 

POC = Ynslmxa Xa (18) 
In Eq. (18), [Yns]’ is the transpose of the reduced left modal matrix from the modi- 
fied SEREP technique and [X,] is the reduced right modal matrix corresponding to 
the proposed reduction methodology of this paper. Reference (16) explains that 
good correlation and bi-orthogonality exist between a pair of experimental real vec- 
tors (the elements of which are real numbers), if upon scaling the diagonal terms 
are 1 and in comparison the off-diagonal terms are < 0.1. Since the eigenvectors 
and correspondingly the elements of POC matrix are complex, so, absolute values 
of the elements of the POC matrix are scaled to the check the correlation and 
orthogonality as above. 


3 RESULTS AND DISCUSSION 


To illustrate the flexibility of the proposed reduction technique with respect to the 
choice of permanent local effects in addition to the continuum in a step by step 
manner, Table 1 gives a set of five test cases; each reduced by using the proposed 
reduction methodology. For all the test cases, the Lalanne’s rotor bearing system (17) 
or its modification are used. Figure 2 shows the basic Lalanne’s rotor bearing system, 
which has a uniform shaft, Table 2 and Table 3 give the properties. Difference of prop- 
erties from those mentioned in Table 2 and Table 3 for specific test cases is mentioned 
appropriately. For the FE analysis of the full model, the Lalanne’s rotor shaft model is 
built by using thirteen similar Timoshenko beam elements with 4-DoF’s per node and 
its equations of motion are derived with the help of the formulation provided by 
Nelson (18). The viscous form of internal material damping given in (19) is used to 
model the rotating damping with n, = 0.0002s 


Table 1. List of Analysis test cases. 


Temporary 
Continuum Permanent | Local 
Case Description Effect Local Effect | Effect 


Rotor bearings with 3 All shaft Nil All bearings 
discs (Lalanne’s rotor) elements and discs 


Overhung version of All Shaft Nil All bearings 
Lalanne’s rotor bearing elements and discs 
system with 3 discs 


Rotor bearings with 3 All Shaft All bearings All discs 
discs (Lalanne’s rotor) elements 


Rotor bearings with 3 All Shaft All discs All bearings 
discs (Lalanne’s rotor) elements 


Rotor bearings with 3 All Shaft All bearings Nil 
discs (Lalanne’s rotor) elements & all discs 
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Node'l 


Figure 2. Finite element model of Lalanne’s rotor-bearing system (14). 


Table 2. 


Parameter 


Properties of Lalanne’s Rotor-Bearing system (14). 


Value 


Parameter 


Density, p; 
Modulus, E 


Kyy; Kzz 


7800 Kg/m3; 
200 GPa 

7x 107 N/m; 5 
x 107 N/m 


Rotor Length, L; Shaft 


Dia., D 


Element Length; Element No. 


0.1m; 13 


Cyy; Czz 


500 Ns/m; 700 
Ns/m 


Viscous damping Coef., nv; 


Poisson's Ratio 


0.0002s; 0.3 


Table 3. Disc details for standard Lalanne’s rotor bearing system. 


Disc 


Outside Dia. (m) 


Thickness (mm) 
Density (Kg/m3) 


7800 


Mass Unbalance (Kg m) 


0.2 x 10-3 


Position from rotor Left End (m) 


0.5 


3.1 Case I- Lalanne’s rotor bearing system with no permanent local effects 
The case I is the standard Lalanne’s rotor bearing system; Table 2 gives its properties. 
For the reduction, all the local effects (due to all the three discs and two bearings at the 
ends) are taken as temporary in nature. Therefore, the transformation matrix pair is 
derived from the system matrix corresponding to the equation of motion of only the free- 
free shaft continuum. The reduced system matrix is augmented subsequently by adding 
the local effects due to inertia of the discs, restoring effects of the bearings, all gyroscopic 
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effects and both stationary and rotary dissipation effects by using the transformation 
matrix pair generated. The force due to unbalance is also suitably modified by the trans- 
formation matrix pair. Figure 3, Figure 4 and Figure 5 show the Unbalanced response 
amplitude (UBR), Campbell Diagram and Decay rate plot for Case-I respectively. The 
UBR plot clearly shows the match between the solution obtained for full FE model using 
56 equations and that predicted by the reduced model having six and eight modes by 
using only 16 reduced equations. The shaded area shows the region where the system is 
unstable, and is unnecessary to plot, due to negative cross-coupled stiffness arising from 
the rotor material damping. This plot may satisfy reader’s interest to check the accuracy 
of this reduction methodology at higher spin speeds. The Campbell diagram (Figure 5) 
shows that the first two eigen-frequencies of reduced model match the eigen-frequencies 
of the full (FE) model closely while preserving both six modes and eight modes. However, 
the next two eigen-frequencies match only by preserving eight modes during reduction. 
This is because while reducing the free-free system, the first four eigenvectors corres- 
pond to the rigid body modes. So saving m modes during reduction actually means saving 
(m — 4) flexural modes. Again considering the four rigid body modes redundant is not 
practical as they also contain the characteristics of the system. The decay rate plot shown 
in Figure 5, also matches closely preserving six or eight modes during reduction; as 
a result, the reduced model predicts the stability limit speed very close to that predicted 
by the Finite-element model. 


Comparison of the UBR at node 6 of the full model 
and the reduced model, eta = 0.0002 s 
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Figure 3. Comparison of UBR between full and Reduced model at node 6 for 
case I. 8 DoF’s saved. 


368 


Comparison of Campbell diagram between full model 
and the reduced model, eta = 0.0002 s 
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Figure 4. Campbell Diagram comparison between full and reduced model for 
case I. 8 DoF’s saved. 


Comparison of Decay rate plot between full model 
and the reduced model, eta = 0.0002 s 
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Figure 5. Decay rate plot comparison between full and reduced model for 
case I. 8 DoF’s saved. 
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3.2 Case II- Overhung version of Lalanne’s rotor bearing system with no 
permanent local effects 

As proposed earlier, the present reduction methodology is almost free from any influ- 
ence due to a change of local effect. This example shows that change of position of 
a local effect is marginal. To this end, an overhung version of Lalanne’s rotor (in Figure 
2) created by shifting the right end bearing from node 14 to node 9 as shown in Figure 
6 serves the purpose. In this case, an unbalance of 0.2 x 10-3Kgm is assumed on disc 3 
instead of disc 2. The same transformation matrix pair as used in Case-I, are utilized to 
construct the reduced model as the transformation matrix pair is derived by reducing 
the free-free shaft continuum as before. All the local effects like discs and bearings are 
considered later to augment the system matrix, the forcing function is modified as 
above to obtain the reduced equation of motion of the whole system. Figure 7 shows 
a comparison of UBR at node 11 predicted by the reduced model and the Finite-element 
model; a close match proves that considering local effects subsequent to the reduction 
does not impair the prediction. This shows that the proposed methodology is applicable 


Figure 6. Schematic Diagram for case II. 


and the reduced model, eta = 0.0002 s 
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Figure 7. Comparison of UBR between full and Reduced model at node 11 for 
case II. 8 DoF’s saved. 
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in different cases of changing local effects, which do not need different transformation 
matrix pairs for reduction. This is the greatest advantage of this methodology. 


3.3 Case III-V Lalanne’s rotor bearing system with bearing effects and 
disc effects considered permanent on an individual basis as well as 
together 

Transformation matrix pair obtained by reducing only the free-free shaft continuum helps 
to get a reduced model, which closely predicts the UBR, as shown in Case I. However, the 
transformation matrix pair derived by considering additionally the local restoring (bearing 
Stiffness) or inertia effects (Disc Mass & inertia) as permanent, yield even closer results 
to actual UBR than Case-I. To this end, in case III to V, the two bearings and three discs 
form permanent local effects, first separately (Case III and IV) and then together (Case 
V), and are included in formation of transformation matrix pair. The system matrices cor- 
responding to these cases are different from each other and those used for Case-I and 
Case-II. These matrix pairs are used to reduce the system matrices and augment them 
with the other effects like the inertial effect of discs (case III), stiffness and damping 
effects from bearings (Case IV), all gyroscopic effects and both stationary and rotary dis- 
sipation effects, not considered earlier, to deduce the reduced model of the total system, 
(the system matrix) and the modified forcing function. Figures 8, 9 and 10 shows the 
UBR plots for the Case III, Case IV and Case V respectively. Comparison of Figure 3, 
Figure 8 and Figure 9 shows that the Case III predicts much closer match with the FE 
model than either of Case I (Figure 3) or Case IV (Figure 9). The results from Case IV 
match much more closely to the only continuum reduction Case I. This leads us to conclu- 
sion that fixing position and even the approximate properties of the bearings during the 
design of rotor-dynamic system lead to closer reduced models; the influence of position 
of inertia altering local effects is marginal. . However, in all the cases, it is clear that 
increasing the number of modes in the reduction process always leads to more accurate 
reduced model. 


Moving on to the Case V and its response shown by Figure 10, this Case investigates 
the influence of gyroscopic effects and rotary dissipation effects from all the sources 
on accuracy of reduced model. In this case, in addition to the inertia and restoring 
effect of the continuum, those from all the local effects due to three discs and two end 
bearings appear in the system matrix; gyroscopic effect and rotary dissipation effects 
do not appear in the system matrix. Transformation matrix pair is deduced from this 
system matrix to reduce the whole system. UBR plotted in Figure 10 shows that the 
influence of rotating damping and gyroscopic effects is somewhat noticeable only in 
the case when six modes are saved during reduction and that too at speeds near 
30000 RPM, deep in the unstable region. Even this effect seems almost disappearing 
as the number of modes saved in the reduced model increases. This leads to the con- 
clusion that leaving out gyroscopic and all dissipation effects during forming the 
system matrix has a very marginal impact on accuracy of reduction and this degrad- 
ation almost vanishes by saving more modes during reduction. This helps to form 
a very important conclusion that using the transformation matrix pair which is spin 
speed independent, as both gyroscopic and rotary damping effects depend on rotor- 
spin-speed are excluded in making the system matrix, has marginal or negligible influ- 
ence on the reduction accuracy. 
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Comparison of the UBR at node 6 of the full model 
and the reduced model, eta = 0.0002 s 
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Figure 8. Comparison of UBR between full and reduced model at node 6 for 
case III. 8 DoF’s saved. 


Comparison of the UBR at node 6 of the full model 
and the reduced model, eta = 0.0002 s 
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Figure 9. Comparison of UBR between full and reduced model at node 6 for 
case IV. 8 DoF’s saved. 
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Comparison of the UBR at node 6 of the full model 
and the reduced model, eta = 0.0002 s 
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Figure 10. Comparison of UBR between full and reduced model at node 6 for 
case V. 8 DoF’s saved. 


3.4 Mode correlation results for reduced system 

The Campbell diagram and decay rate plot only for Case I are given to keep the paper 
short. These allow correlating the eigenvalues obtained from the proposed reduction 
methodology with the finite element model. However, a comparison of the eigenvectors 
is also essential to ensure that the proposed eigenvectors also match the eigenvectors 
of the actual system. Various mode correlation techniques discussed in literature are 
MSF(Modal Scale Factor)(16), MAC (Modal Assurance Criteria) (15) and few others but 
for the current bi-orthogonal system, Pseudo Orthogonality check (POC) (13) as given 
in Eq. (18) is one of the better ways to go for mode correlation. Comparison of eigen- 
vectors obtained from proposed reduction methodology with those from finite element 
method is not possible since there is a mismatch in degrees of freedoms. Therefore, this 
paper attempts correlation of modes obtained by the present reduction methodology 
with those obtained through modified SEREP (5), which report a near exact match 
between the UBR of reduced and unreduced (FE) models as shown in Figure 12. This 
work attempts correlation of eigenvectors by using the Pseudo Orthogonality Check 
(POC), suitable for bi-orthogonal systems, as given in Eq. (18). 


Table 4 and Table 5 provide the modulus of the POC matrices as defined by Eq. (18) 
at 4000 RPM after preserving six modes and eight modes respectively. For ensuring 
bi-orthogonality between eigenvectors, the scaled POC matrix as in Eq. (18) should 
have diagonal elements as 1 and off diagonal elements should be < 0.1. Table 4 
shows that only first two modes are biorthogonal with respect to each other. Cor- 
respondingly, UBR plot for Case-I in Figure-3 shows that there is no match between 
the reduced and full model after the first two natural frequencies when preserving 
six modes. Table 4 also shows that the third mode has very bad bi-orthogonal 
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relationship with the first two modes. Table 5 describes the POC check when 8 
modes are preserved during reduction. The table shows that the first four modes 
are very much bi-orthogonal with respect to each other and then the higher modes 
become gradually less correlated as compared to the case when preserving only six 
modes during reduction. So mode correlation through POC proves good correlation 
between the eigenvectors of the proposed reduction methodology and modified 
SEREP; the correlation improves with preserving more modes during reduction. 


Comparison of the UBR at node 6 of the full model 
and the reduced model using modified SEREP, eta = 0.0002 s 
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Figure 11. Comparison of UBR between full and reduced model at node 6 for 
case II using modified SEREP[5]. 8 DoF’s saved. 


Table 4. Absolute POC matrix for case I when 6 modes and 8 DoF’s saved. 
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Table 5. Absolute POC matrix for case I when 8 modes and 8 DoF’s saved. 
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4 CONCLUSIONS 


The discussions in previous sections lead to the following conclusions 


a) 


b) 


c) 


The reduction of shaft continuum is primary in nature. Transformation matrix 
pairs are derived by considering only distributed inertial and stiffness effects. 
The same matrix pair helps to place all secondary effects like local or point 
inertias, bearing stiffness, their locations and parametric values, all local and 
distributed gyroscopic effects, stationary or rotary dissipation effects, to aug- 
ment the system matrix appropriately. The same matrix pair helps to obtain 
the reduced external generalized force vector. Thus reduced system matrix 
and force vector form the total reduced model in reduced state space. 

The proposed reduction methodology is a novel, fast, simple, cost effective 
and flexible tool in the design stage of rotor-shaft systems. Transformation 
matrix pair is independent of the shaft material, all secondary effects, and 
rotor-spin-speed. Thus user may freely choose the parametric values of sec- 
ondary effects, their locations and rotor-spin-speed to examine the modal and 
response behaviours of the reduced system with the matrix pair deduced 
once. The proposed reduction methodology is a novel, fast, simple, cost 
effective and flexible tool for dynamic design of rotor-shaft systems. 

Retaining additionally the locations and at least tentative values of local stiff- 
ness, rather than local inertias in the system matrix containing inertia and 
stiffness properties of shaft continuum, leads to more accurate transformation 
matrix pair leading to closer reduced model than the situation if the effects are 
not considered. Therefore, the location of bearings and tentative parametric 
values are beneficial for getting closer reduced models. 


d) The reduction methodology is independent of the position of the active or master 


degrees of freedom of the system as long as the degrees of freedom are more 
than the modes saved during reduction. Furthermore, the accuracy of prediction 
of the reduced model increases with the number of modes retained. 
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ABSTRACT 


The present study analyzes the effects of L/D ratio and bearing radial clearance of 
3-lobe taper land bearing on stability of flexible rotor system. The pressure distribu- 
tion in a fluid film journal bearing was calculated using incompressible Reynolds equa- 
tion, implemented via finite difference method (FDM). Stiffness and damping 
coefficients were calculated with respect to Sommerfeld number. As an example of 
flexible rotor system a high speed steam turbine is used. The rotor was modeled with 
1d finite elements based on Euler-Bernoulli beam theory. Stability of the flexible rotor 
system was estimated using logarithmic decrement. Six cases were analyzed and 
recommendations for optimal bearing configuration were proposed. 


1 INTRODUCTION 


The current trends in turbomachinery leads to high speed operation in order to make 
them compact as well as to reduce their mass. The ordinary journal bearing solutions 
in form of circular bearings, which are most common type of the bearings, are found 
to be unstable at high speeds. Different kind of bearing designs such as multi-lobe 
bearings (lemon, multi-lobe) (1) or multi-lobe pressure dam bearings (2), could offer 
better rotor stability for light rotors rotating at higher speeds. 


Multi-lobe taper bearings also could offer higher stability, especially for high-speed 
rotors. Hargraeves (3) deals with performance characteristics of tri-taper journal 
bearings operating in high-speed step up gearbox which increases rotating speed to 
about 13000 [rpm] from reaction turbine to a three-stage gas compressor. He has 
studied influence of manufacturing tolerances, misalignment and turbulence on the 
steady state rotation of shaft supported in tri-taper journal bearings, providing the 
designers to predict characteristics of similar bearings. The main reason in increasing 
of oil flow rate and decreasing of load-carrying characteristics he found in over-sized 
journal ramps. Rao et all (4), theoretically investigated the whirl instability of an rotor 
in tri-taper journal bearings, operating under steady, periodic and variable rotating 
load, using the nonlinear - transient approach. In the case of unidirectional constant 
load and variable rotating load, they found that journal locus attained a stable position 
at the faster rate, with an increase in ramp size, but an increase of L/D ratio resulted in 
larger excursions of journal center. For periodic load, the journal locus ended in a limit 
cycle and was suspectible to instability. The same authors obtained that for the given 
ramp size, an increase of L/D ratios leads to the increasing of region of stability, which 
is also true for reverse case i.e. an increase in ramp size for the given L/D ratio. Stabil- 
ity characteristics of such as bearings was also investigated by Pai et all (5) which 
variated ramp sizes and L/D ratios and drew the conclusion that tri-taper bearings 
with higher ramp size and higher L/D ratio results in an increased mass parameter and 
improved stability margin of the bearing. 


In this paper a stability of rotor supported with two equal 3-lobe taper land bearing 
(3-LTL) was studied. The focus of analysis was to determine the effects of L/D ratio and 
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bearing radial clearance of 3-LTL bearing on stability of flexible rotor system. Stiffness 
and damping coefficients were calculated with respect to Sommerfeld number. As an 
example of flexible rotor system a high speed steam turbine was used. The rotor was 
modeled with 1d finite elements. Stability of the flexible rotor system was estimated by 
using logarithmic decrement. According to results of first three analyzed cases it is estab- 
lished that increasing of L/D ratio has beneficial effect on rotor system stability. Also 


decreasing of bearing radial clearance has another favorable influence on flexible rotor 
stability. 


2 3-LOBE TAPER LAND BEARING 


2.1 Bearing geometry 

3 lobe taper land bearing analyzed in this paper is shown in Figure 1a). This bearing 
geometry is somewhat different from similar bearings found in literature (3-5). As 
opposed to the classic symmetric configuration 3 x 120° (with the same tapered part 
of segments 3 x 60°), Figure 1a) shows bearing configuration which can be roughly 
described as (90° + 90° + 180°) with tapered angles (54°, 60°, 114°). Bearing was 
made up of two shells. First, covers first two taper land and the second covers third 


Taper pocket 


OIL GROOVE 
OIL GROOVE | | 


c) 


Figure 1. 3-lobe taper land bearing, a) geometry, b) oil film thickness defin- 
ition. Figure 1 3-lobe taper land bearing, c) schematic view and cross section 
of i-th segment. 
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taper land area. After assembling the bearing shells are rotated to an angle of 35 
degrees in the opposite direction of rotation of the rotor. The width of taper arc seg- 
ment is 0.8 L, where L is bearing width. 


From geometry of each lobe (Figure 1b), the following relationships between taper’s 
Descartes coordinates x and y and it’s belonging angles ọ as well as Descartes coord- 
inates of taper arc center Xo and yo, could be established: 


yp) Xo +yo tang + ve VA) + 2xoyo tan y + (72 — xh) tan? p 
tang 1 + tan?y 


x(¥) (1) 


where, from the Figure 1, taper arc radius ra depends on shaft radius R, radial clear- 
ance C as well as undercut Uc. Having in mind all previous quantities the depth of tri - 
taper pocket at the referent angle @, could be defined 


Ramp (p) = V2 +2 -R-C (2) 


Taper depth, Ramp, for a point 7(x,y) at taper edge is defined from the fact that the 
point T is at the intersection of straight line from the bearing center C,(0,0) with angle 
@ and circle with radius r,=R+C+Uc with center C(Xo, Yo), where undercut Uc is equal 
to maximum value of Ramp. Center C(Xo,Yo) is positioned on distance ra from the 
beginning and end point of taper (points Ta and T», Figure 1) and point T, (taper end) 
is also at distance R+C from bearing center. From the distance between point 7 and 
the bearing center, shaft radius R and bearing clearance C, taper depth Ramp can be 
calculated with expression (2). 


2.2 Oil film thickness and pressure distribution 
Pressure distribution in hydrodynamic journal bearing in the case of incompressible, 
non-viscous laminar flow is defined by means of Reynolds equation: 


g (#2) me G 2) enu? y ii” (3) 


Ox Oz 


where h and p are oil film thickness and pressure, x and z are Descartes coordinates of 
points on bearing surface, n is oil dynamic viscosity, U is sum of tangential velocities 
on the rotor’s and stator’s surface and t is time. Dimensionless form of equation (3) is: 


ô (=36p\ 1 (D\? ô (sap oh oh 
= -129 4 
ap (7 2) (2) AG a Eag ôr (4) 


where z and Q are dimensionless time and dimensionless rotating speed. Other dimen- 
sionless variables in equation (4) as well as further in paper, are marked with straight 
bar placed above variable. Oil film thickness in each segment, depending on eccentri- 
city e, angle ~” measured from +Ox axis and assumed value of attitude angle Y, is 
defined as follows: 


h = C+ ecos(p* — y) + Ramp($") (5) 
Dimensionless oil film thickness is equal to: 
h= 1 + ecos(ġ* — y) + Ramp($") (6) 


where £ is eccentricity ratio and Ramp is dimensionless depth of tri-taper pocket. 
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2.3 Pressure boundary conditions 
Pressure boundary conditions are connected with atmospheric pressure along bearing 
edges at any angle @: 


PoE = 0) =py(Z = 1) =0 (7) 


Second boundary condition through whole domain refers to cavitation which is allowed 
to occur at ambient pressure, taken into account in calculations through setting nega- 
tive pressures to zero as iterative solution scheme based on conditions: 


Po= 0, Aoi 0 (8) 
Dimensionless supply pressure from oil grooves is set to p, = 0.1362. 


2.4 Reynolds equation under steady state conditions 

The first part of calculation is connected with obtaining the attitude angle ®O0 which 
should be equal to assumed value of attitude angle Y connected with angle ¢ measured 
from the +Ox axis. In that case the force components along (W,) and perpendicular 
(Wọ) to the line of centres C,C;, as well as its dimensionless versions, are equal to: 


and 
Qn 
Po sin(y* — y)dpdz (10) 


0 


1 
W, = uaa =| {> 
0 


From equations (9) and (10), the dimensionless load carrying capacity W (11) as well 
as real attitude angle ®0 (12) could be calculated 


W=VW+W (11) 
W, 

®o = arctan 12 

o cta 7 (12) 


r 


Calculated attitude angle ®0 is after each calculation of force components along and 
perpendicular to the line of centres C,C;, using the steady state version of Reynolds 


equation 
3 (3B 1 (D\* 3 (3G, ho 
h H= h =6 13 
= (m2) (2) az? & ay (13) 


compared with assumed value of attitude angle Y and procedure is iterative with small 
incremental increase of Y. 


2.5 Reynolds equation under dynamic conditions 
Reynolds equation under dynamic conditions uses small perturbations of rotor steady 
state position defined with dimensionless eccentricity £0 as well as attitude angle ®0: 


e=ejteje”, B= Dope” (14) 
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Keeping in mind that €1 « £0 and @1 « @0, the dimensionless pressure and film thick- 
ness can be written as: 


B =Po t+ pice” + preo®e", h = ho + ere" cosy + eoe” sin p (15) 


Returning a perturbed dimensionless pressure and film thickness from (14) in (4), 
a following three equations are obtained: 


ppe ' TAP TO s20 (16) 
ee + 3h cos Pe 3hy phair cases Sho Po | 472 Oho Py 
op f dy y ae dy dy op Op (17) 
(7) iq ae 44 (2) Tocos p Ee + 6siny — 12iQ cos y = 0 
ree 3h, sing Pe 3o coso Pe + T singo AP 39 Se Pe a 
+i (7) ez H 3 (2) Rosine 2 + 6cos @— 12iQ siny = 0 


2.6 Oil film stiffness and damping coefficients 

Fields of perturbed dimensionless pressures p, and p,, could be numerically calculated 
by solving equations (17) and (18) by means of finite differences mothed. They will be 
further used for calculation of dimensionless oil film stiffness and damping coefficients 
in the polar coordinate system: 


1 2a 1 2m 
K,, = —Re (| fa cos sasiz) , Kor = —Re (| Jo sin st ; 
0 0 00 
2 


T 


Km = —Re (f fr: 2 COS sase), K yp = —Re (| |» sin ss y 


1 27 1 27 (19) 
(i J Pi cos oot) (ti Pi snot) 
C, = —Im ye Q ye Im Q p 
1 2m 1 2m 
(i7 J Pa cos oot) ( f Í Pasin saoz) 
Crp = -m z (C= 


The relations between dimensionless stiffnesses and dampings in polar and Descartes 
coordinates can be established by following matrix transformations: 


Ea a _ pee Peal Fs all cos o ae (20) 


Kx Ky sin®y cos®) ||Ky Kyy||—sin®o cos ®p 

and 
Cx Cy] _ [coso —sin®o][C, Cy]{ cos®o  sin®o (21) 
Gx Cy] [sin®o cos®) || Cy Cyy]|—sin®o cos Bo 
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Figure 2. Dimensionless stiffness and damping coefficients of 3-lobe taper 
land bearing. 


Stiffness and damping coefficients (Kij, Cj) can be obtained from calculated dimen- 
sionless stiffness and damping coefficients (equations 20 and 21) as follows: 


LDps 
C 


LDp, — 
Pig 


Kij Ky, Cy Cop “i i= {x,y}, j = {x,y} (22) 


Commonly stiffness and damping coefficients as well as its dimensionless ver- 
sions, are shown in diagrams (Figure 2), depending on Sommerfeld number 
defined by: 

_nNLD 


So = PW (23) 


where N, s~™* is rotational speed, W, N is external load and y is clearance ratio. 


3 TURBINE ROTOR DESCRIPTION 


The subject of the analysis is a 1.35 MW steam turbine with a nominal speed of 
12500 rpm and with distance between radial bearings of 1.5 m, Figure 1. The calcula- 
tion of flexural vibrations is based on the 1D finite element method and takes into 
account the physical characteristics (masses, moments of inertia, stiffnesses and 
dampings) of shaft, disks (with blades), and bearings. 


Equation of motion of rotor modeled with finite elements is given by 
Mq+Hq+Kkq=f. (24) 
where: q, gandq are displacement, speed and acceleration vectors of the turbine 
rotor, 
M = Mr + Mg translational and rotational inertia matrices, 
H=C+QG_thesum of the damping matrix and the gyroscopic matrix, 
K stiffness matrix, 
f vector of generalized forces. 


The analyzed rotor model was divided into 41 beam finite elements i.e. had 42 nodes 
or 168 degrees of freedom. The material of rotor was steel 21CrMoV5-7 with density 
p = 7800 kg/m?. 
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Figure 3. Steam turbine FE model. 


4 CRITICAL SPEEDS AND STABILITY 


Within this analysis, the eigenvalue problem defined by the associated homogeneous 
form of the equation (24) will be discussed i.e. by the equation, 


Mg + Hå + Kq = 0 (25) 


In cases where vibrations are not caused by operation at a critical rotor speed but by 
instabilities caused by one of causes of self-excited vibrations, it is a common strategy 
to try to add greater external damping to the system This can be done by proper selec- 
tion of hydrodynamic journal bearing. In other words, a stability calculation performs 
verification of proper selection of journal bearings. The eigenvalues for the damped 
system are obtained in the form 4 = a + fi, i.e. in the form of a complex number, wherein 
the general solution of the vibration of the rotor for a particular form of vibration is (6): 


x = Ve" = Ve” (cos Bt + isin Bt) (26) 


where V is the eigenvector of the amplitudes of the individual nodes of the finite elem- 
ent model, the member e” represents the change in amplitudes in time, and £ the nat- 
ural frequency. When, for the considered vibration form a > O unstable vibrations 
occur i.e. amplitudes grow with time. In this paper, logarithmic decrement was used to 
express the stability of the system ô = —2za/f and natural frequency, f = 8/2z whereby 
an unstable situation will be indicated by 6 < 0. 


Figure 4 shows first seven normal modes of rotor supported by two equal 3-lobe taper 
land bearings, running at 12500 rpm. First mode has natural frequency equal to zero 
at whole speed range of interest, therefore it is called mode 0. For some other bearing 
configuration like lemon bearing, analysis showed that natural frequency of this mode 
has value zero at lower speeds but at higher speeds including nominal rotor speed, 
this mode has real values. Real first mode f1 represent bearing oil film or so called “cir- 
cular” rigid body mode Figure 4 b). At the nominal rotor speed this first mode starts to 
behave as elastic shaft mode. 


The second mode f2, Figure 4 c), is actually 1% elastic shaft mode and behave similarly 
over the entire considered speed range. The third mode (f3, Figure 4d) is again bear- 
ing oil film rigid body “conical” mode. From the fourth mode and on (including fifth and 
sixth), all modes are elastic shaft modes. 
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a) b) 


9) 


Figure 4. Rotor normal modes at nominal speed n = 12500 rpm, a) fo =0.0 Hz, 
b) fı =97.6 Hz, c) f2 =133.0 Hz, d) f3 =160.8 Hz, e) f4 =345.3 Hz, f) fs 
=382.4Hz. Figure 4 Rotor normal modes at nominal speed, g) fs =460.11 Hz. 


5 RESULTS AND DISCUSSION 


Stiffness and damping coefficients for 6 different 3-lobe taper land bearing (3-LTL) 
configurations are calculated in order to simulate rotor vibration behavior over the 
considered speed range (0 - 13750 rpm). The performance of rotor system was 
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Table 1. 3 lobe taper land bearing configurations. 


assessed according to two conditions, avoiding resonance with 1x harmonic at nom- 
inal speed and its stability at considered speed range, with special focus on nominal 
speed (12500 rpm) and overspeed event (13750 rpm). In all simulation it is taken 
characteristics of ISO VG 46 oil with constant dynamic viscosity at a temperature of 65 
degrees Celsius at a value of 0,017 Pa.s. 


Simulations showed that only 1 mode (f1) shape was critical at higher rotational 
speeds. Therefore, log decrement diagrams are presented only for 1% rotor mode 
shape and for different bearing configurations. Table 1 shows analyzed 3 lobe taper 
land bearing configurations. First three version analyze L/D ratio, while the other 
three versions consider the influence of bearing clearance. As the analyzes showed 
that no configuration was in danger of excitation with 1st harmonic, only one Campbell 
diagram for version No. 6, is shown in Figure 5. Dashed line represent 1x excitation 
harmonic. Figure 6 shows log decrement of a rotor system as a measure of stability for 
first three cases mentioned in Table 1. Results of log decrement presented in Figure 6 
show influence of L/D ratio of bearing. It can be concluded that, for the considered 
parameters, increasing the bearing width has a favorable effect on stability. So, in this 
first part of relative comparison, the biggest stability has case No. 3 with the greatest 
width. In the second part of comparison, radial clearance of bearing were changed 
while all other parameters were kept constant. The analysis results showed that 
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Figure 5. Campbell diagram for parameter set No. 6. 
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Figure 6. Log decrement for 1®%* mode shape - L/D variation. 


decreasing of radial clearance has another beneficial effect, so case No. 4 had the big- 
gest log decrement throughout the range of speeds analyzed. 
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Figure 7. Log decrement for 1%* mode shape - clearance variation. 


6 CONCLUSIONS 


In this paper a stability of flexible rotor supported with two equal 3-lobe taper land 
bearing (3-LTL) was studied. At the beginning, the whole procedure for calculation of 
stiffness and damping coefficients were described in detail. 


The focus of analyses was to determine the effects of L/D ratio and bearing radial 
clearance of 3-LTL bearing on stability of rotor system. Beside stability a critical 
speeds in Campbell diagram were investigated in order to discover potential reson- 
ances at nominal rotor speed. Analyses showed that no configuration was in danger of 
excitation with 1st harmonic. 


As an example of flexible rotor system a high speed steam turbine was used. The rotor 
was modeled with id finite elements. Stability of the flexible rotor system was 
assessed using logarithmic decrement. 
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It can be concluded that, for the considered parameters, increasing the bearing width 
has a favorable effect on stability of rotor 1St mode. In the second part of comparison, 
radial clearance of bearing were changed while all other parameters were kept con- 
stant. The analysis results has shown that decreasing of radial clearance has also 
beneficial effect on stability. 
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ABSTRACT 


Vibration-based condition monitoring is useful for fault detection in rotating machines. 
The time and frequency domain feature unification with signals from multiple sensors 
for fault diagnosis to achieve a single analysis have been well established in earlier 
studies. An initial study developed data fusion of acceleration and velocity features 
(dFAVF) with a useful machine condition diagnosis. However, these studies focused on 
rotor faults only. This study tends to incorporate bearing data in the developed dFAVF 
model. The aim is to diagnose an extensive range of machines’ faults in a single ana- 
lysis. Signals observed were from a test rig operating with multiple speeds below and 
above its first critical speed. The preliminary result showed useful identification of the 
machines’ faults. The usefulness of this approach in industrial-scale fault diagnosis 
may improve the simplicity of understanding the machine’s overall behaviour with 
regularly measured vibration data. 


1 INTRODUCTION 


Vibration-based condition monitoring (VCM) techniques have been useful in detecting 
faults, especially in rotating machines critical parts (1). Current successes in fault 
diagnosis, especially on rotating machinery, stems from earlier research. Some of 
which various rotor faults were analysed individually (2,4-18.), same for bearing 
defect diagnosis (19-27). Even in studies with a combined rotor and bearing fault 
diagnosis (1,3), there is also individual analysis for the specific condition. However, 
this paper explores data combinations of VCM time and frequency domain parameters 
to diagnose a wide range of rotating machines faults (Rotor and bearing) in a single 
analysis. 


This study stems from some earlier studies (9-17) that focused on data fusion for 
a single analysis in identifying machine conditions. Jyoti and Elbhbah (10) proposed 
the fusion of signals from multiple sensors with frequency domain features from 
higher-order spectra (HOS), i.e., bispectrum, developed from the composite spectrum 
(CS) gave for useful analysis. This method showed promising practical application. 
However, diagnostic features considered only the bispectrum amplitude as the phase 
got lost in CS computation. Yunusa-Kaltungo et al. (11) further improved this 
approach using the cross-powers spectrum density in computing a proposed poly 
coherent composite spectrum (pCCS). The approach retains both amplitude and 
phase from all measured signals in its computation. Observation showed an excellent 
representation of machine behaviour in comparison to the CS. Yunusa-Kaltungo et al. 
(12) further proposed a method whereby data combination of poly coherent composite 
higher-order (pCCHOS), i.e., bispectrum and trispectrum, showed useful analysis. 
The study observed a similar rotating machine installed with varying foundation flex- 
ibilities or rotating speeds resulting in proper diagnosis that enhances the machine’s 
reliability. Nembhard and Sinha (13), proposed the unified multispeed approach 
(UMA), where extracted time and frequency domain features from a rigid test rig clas- 
sified various machine conditions. To test the transferability of this approach, further 
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investigation (14) employed signals from a modified relatively flexible flange-based 
test rig, obtaining an improved analysis. Nembhard et al. (15) improved the UMA to 
include multiple foundations. Observation showed the approach presented encour- 
aging analysis. However, these studies only covered acceleration signals in the diag- 
nosis when the machine ran below its first critical speed. In a further study, Luwei 
et al. (16) proposed optimisation of UMA (13), to improve machine faults diagnosis, 
where a combined vibration acceleration and velocity features diagnosis, yielded 
useful analysis. However, the study (16) focused on signals obtained below the 
machine's first critical speed. 


Machines may run at multiple speeds, such as is observed in large turbochargers and 
aero-engines, operating most times with speeds either below or above their natural 
frequencies (3). At such performances, vibration may increase, especially as the 
machine runs through the critical speeds. Thus, faults begin to develop in the machine 
over time with a continuous operation (3). The faults show up around critical compo- 
nents such as the rotor or bearings. Further study led to the investigation of the 
machine operating below and above the machine’s first critical speed using the opti- 
mized approach. Thus, Luwei et al. (17) proposed the data fusion of acceleration and 
velocity features (dFAVF) model in which pattern recognition using principal compo- 
nent analysis (PCA) gave a useful diagnosis of various rotor-related faults. However, 
this and other background studies considered only rotor faults. 


Vibration signals in velocity, or acceleration are useful in observation machine behav- 
iour. According to Bruel & Kjaer (21), the acceleration tends toward high-frequency 
components while the velocity signal covers a frequency range of 10 Hz to 1000 Hz, 
most suitable for vibration severity indication. At such, acceleration covers bearings 
and gear faults, which occurs at high frequencies, and velocity covers a frequency 
range at which rotor-related fault occurs (22). Thus, a combination of features from 
acceleration and velocity should significantly distinguish a consolidated rotor-related 
and bearing faults in a single analysis. In this study, the velocity spectra computed 
was with the omega arithmetic method. This correlative method converts spectra 
density in acceleration to velocity, considering the frequency (Hz). In rotodynamic, 
omega (w) represents frequency measured in radian/second. Therefore, by dividing 
the acceleration spectra density with omega (w), the velocity spectra density is com- 
puted (28). The acceleration and velocity parameter can also reflect faults’ signal 
behaviour, which may be in the low or high-frequency range. The ‘low’ frequency con- 
tains information from rotor related faults, and the ‘high’ frequency has information 
from bearing faults. 


This current study tends to investigate the inclusion of features from bearing analysis 
into the dFAVF model. The aim is to use data combinations to detect rotor and bearing 
faults in a single analysis. In order to extract relevant parameter from bearing diagno- 
sis, the envelope analysis was applied and observed in both the time and frequency 
domain. The machine faults considered are misalignment, rub, crack shaft, and bear- 
ing cage defect. Observation from this preliminary analysis gave a useful clustering of 
both rotor and bearing defects. The intent is that this approach would contribute to 
solving the diagnosis problem in the industry. At such, an extensive range of faults in 
rotating machines can be easily and quickly detected from observation of the changes 
in the overall behaviour of the machine using regularly measured vibration signals. 


2 ROTATING MACHINES’ CRITICAL COMPONENT FAULTS 


Rotor-related faults show up as unbalance, misalignment, looseness, shaft bow, crack 
shaft (3), and so on, while bearing faults can be detected in either its inner race, outer 
race, cage or its balls. Bearing fundamental frequency helps to determine the 
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frequency of defect for each case, based on its geometry. They include ball pass fre- 
quency inner-race (BPFI), ball pass frequency outer-race (BPFO), fundamental train 
frequency (FTF), and ball spin frequency (BSF) (3), respectively. According to 
Nakhaeinejad and Ganeriwala (4), 70% of machine faults are rotor related. Whereas, 
most bearings undergo premature failure due to different reasons (19). About 80% of 
bearing failure stems from improper lubrication; others include improper installation, 
contaminations, and production error during the manufacturing of connecting parts, 
handling unskilled personnel (20). Some VCM techniques for rotor-related fault diag- 
nosis include power spectral density, wavelet analysis, orbit plot, and among others. 
Some VCM approaches for bearing defect diagnosis include crest factor analysis, 
shock pulse monitoring, kurtosis spectrum analysis, demodulated resonance analysis, 
and envelope power spectral density analysis. Since there is the incorporation of bear- 
ing fault in this study, a brief explanation of the rolling element ball bearing is dis- 
cussed in subsection 2.1. 


2.1 Rolling element bearing 

Figure 1 shows a diagram representing a typical ball bearing’s internal structure, the 
inner race, outer race, balls, and cage represented clearly. The fundamental frequen- 
cies can be calculated based on the geometry of the bearing (3). 


Inner race 


Ball 
Outer race 


Figure 1. Typical structure of a ball bearing. 


During operation, the bearing housing’s natural frequency is excited due to impact 
loading per rotation (3). It ranges from 1 to 5 kHz. However, the bearing housing nat- 
ural frequency in this study is around 2.4 kHz. In bearing fault diagnosis, power spec- 
trum density (PSD) analysis may not show the related fundamental frequency, 
especially when the defect is small. The envelope analysis helps to mitigate such 
a situation by extracting impacts with low energy (3). In this study, the envelope ana- 
lysis on bearing signals helps to examine the behaviour of a damaged bearing cage. 
Also, since the study considers bearing cage defect, the FTF is calculated mathematic- 
ally using (3); 


rrr = (1 -$ cos) (1) 


Here, ball diameter and pitch circle diameter represent db and dp, respectively. The fr 


represents relative speed between the inner race and outer race i.e., shaft speed, and 
£ is the ball contact angle (3). 
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3 TEST RIG AND EXPERIMENTS 


Earlier sections presented the context for this study. The experimental approach also 
presents with a description of the test rig and experiments conducted for rotor-related 
and bearing fault in subsections 3.1 and 3.2, respectively. 


3.1 Test rig 

Figure 2 shows a picture of the laboratory test rig used in this study, located in the 
Dynamics Laboratory at the University of Manchester. The test rig is a spring-based 
pedestal (SBP), modified from an earlier flange-based pedestal (FBP) test rig. This 
modification helps to manipulate the systems’ critical speeds so that investigation of 
machine’s behaviour from signals obtained below and above its critical speeds can be 
achieved. The SBP test rig is made up of two shafts 1m and 0.5m long, both having 
0.02m diameter and joined by a rigid coupler. The long shaft is joined to a motor by 
a flexible coupler. The motor operates by a PC based speed controller (NEWTON TESLA 
CL750 and FR configurator SW3) with which the user determines the operating speed 
of the shaft. There are three balance discs on the shafts with two on the long shaft and 
one on the short shaft. Four spring-based bearing pedestal (SBP) installed on a lathe 
bed with dampers, are connected to the shafts at different locations. One accelerom- 
eter on each of the bearing pedestal placed at 45° have been used to strengthen earl- 
ier study (10), reducing amount of sensor per bearing. Modal testing carried out 
experimentally gave a couple of natural frequencies i.e., 11.52 Hz, 18.62Hz, 30.75 Hz, 
49.13 Hz, and 85.83 Hz. Details of the test rig and dynamic characterization are in 
Luwei et al. (17) work. Selected for this study are three machine running speeds, 
based on avoidance of running on the natural frequencies, they are, 450 rpm (7.5 Hz) 
which is below the first critical speed, 900 rpm (15 Hz) and 1350 rpm (22.5 Hz) which 
are above the machines first critical speed. 


Figure 2. Laboratory test rig. 


391 


3.2 Test conducted 

Figure 3 shows the schematics of the test rig and the various faulty conditions simulated 
in this study. The SPB 1 to 4 represents B1 to B4, and others are clearly labelled. The mis- 
alignment was done first with two shims of 0.0008m thick, place under B1 pedestal, cre- 
ating a parallel misalignment, as shown in Figure 3. Next is the rub fault using an 
apparatus that holds firmly two Perspex-sheet above and below the shaft, thus causing 
blade rub when the machine runs. The rub fault was simulated at 0.26m from B1. The 
next was the crack shaft condition simulated using the electro-discharge machining 
(SDM) wire erosion process by cutting a 0.00034m deep and 0.004m wide notch. 
A 0.00033m shim glued in the notch helps to create a breathing crack. The shaft crack is 
0.16m from B1. Finally, the bearing fault simulated employed a Dremel engraver, which 
created some notches on the bearing cage. The notches were on the bearing in B2 
pedestal. 


Flexible ! 1.00 m 0.50m 
coupler it 
i 


Motor 


Misalignment Shaft Rub Bearing cage Rigid Balance dise 
crack defect coupler 


Figure 3. Schematics of test rig with the simulated faulty conditions and 
locations. 


4 SIGNAL PROCESSING 


The signals collected are the baseline and simulated faults, obtained at all three 
speeds. Each with 20 sets of data, collected for 2 minutes at a sampling frequency of 
10 kHz. Note that each condition has been simulated independently of the other. The 
computational parameters selected present an adequate comparison for rotor and 
bearing conditions. Thus, an equal length of data collected at a similar time with the 
same sampling frequency helped manage any concerns. Other computational param- 
eters included the number of data points for Fourier transform (N), which was 16,384; 
frequency resolution (df) was 0.6104 Hz; the number of averages used was 287, for 
both rotor and bearing conditions respectively. 
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Figure 4. Typical spectrum plots at 1350 rpm for (a) baseline-RMRU (b) Mis- 
alignment (c) Crack (d) Rub. 


Figure 4 shows typical plots from B2 pedestal with the baseline-residual misalign- 
ment and residual unbalance (RMRU) and various rotor faults, i.e., misalignment, 
crack and rub faults when the machine ran at 1350 rpm (22.5 Hz), above its first 
critical speed. In Figure 4(a) observation shows the presence of 1x and its har- 
monics. The presence of a high amplitude at 2x may be due to residual misalign- 
ment, and residual unbalance (RMRU), thus representing baseline condition (12). 
Small peaks observed before 1x (22.5 Hz) may be due to the natural frequency at 
11.52 Hz and 18.62 Hz, respectively. The peak after the 1x is due to the natural 
frequency at 30.75 Hz. Also, the peak after the second harmonic is due to the 
natural frequency at 49.13 Hz. Other small peaks observed around further har- 
monics may similarly be due to the closeness of the natural frequency. The 
appearance of these peaks in most of the other spectrum for the faulty condi- 
tions, as in Figure 4(b) - (d), may also result from the same natural frequency 
observed in the baseline-RMRU spectrum. The spectrum of the faulty rotor condi- 
tions shown in Figure 4(b) - (d) all have 1x at various amplitudes with their har- 
monics appearing either with higher or lower amplitude. A similar observation 
may be at other bearing locations, depending on their mode shape around that 
location. 
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Figure 5. Bearing defect at 1350 rpm for (a) Spectrum without envelope (b) 
Time domain with envelope (c) Envelope spectrum. 


Similarly, Figure 5 shows typical plots of bearing analysis. Figure 5(a) gives a typical 
spectrum plot of bearing defect after a high filter at 500 Hz. The filtering helps to remove 
the low frequencies, which may be rotor related or noise. After that, the envelope ana- 
lysis on the time domain gives useful information, as presented in Figure 5(b). Here, 
a represents the original signal while up and lo represents the upper and lower envelope 
signal, respectively. Figure 5(c) shows the spectrum plot for the envelope analysis of the 
signal. Worthy of note is that calculations of the fundamental train frequencies (FTF) 
gave 2.79 Hz, 5.58 Hz, and 8.38 Hz with the machine running speeds at 7.5 Hz, 15 Hz, 
and 22.5 Hz respectively. All the typical plots represented were from signals at B2 pedes- 
tal when the machine ran at 1350 rpm (22.5 Hz). Plots from other speeds showed rela- 
tively similar observation at the single bearing. Thus, giving an overall representation of 
the machine behaviour both in time and frequency domain. Also, the velocity-based 
computation showed similarity except for its unique characteristics (17). 


In this study, the linear scale has been used in spectra analysis because it represents 
the actual vibration amplitude. In comparison, the log scale would be useful to observe 
the fundamental frequencies, especially in bearing analysis where low amplitude fre- 
quencies are amplified, and high frequencies compressed during a visual investiga- 
tion. The log scale may not represent the correct frequency amplitude. In VCM fault 
diagnosis, typical time and frequency domain analysis may give some useful insight 
into the machine’s behaviour (3). However, as changes occur over a long period of 
machine operation with changing speeds, data is continuously recorded. The effect is 
that too much VCM data becomes available (14). The analysis may become cumber- 
some for the vibration analyst, thus, creating poor human judgment and inefficient 
diagnosis. So, to improve fault diagnosis (FD), data fusion-based approach has been 
considered in various studies (2,12-18) with valuable outcomes. Therefore, this study 
tries to improve FD by developing a data combination model of acceleration-based 
time domain and velocity-based frequency domain features from the rotor and bearing 


394 


parameters for a single analysis. It is expected that the model represents a simplified 
approach which effectively detects an extensive range of machine faults. 


5 FEATURES SELECTION AND PCA-BASED MODEL 


Selected features for this study included the time domain root mean square (RMS), 
crest factor (CF) and kurtosis (Ku), and the frequency domain spectrum energy (SE) 
and 1x-5x amplitude (17). The features are used to build a data matrix loaded into the 
principal component analysis (PCA) pattern recognition-based fault diagnosis model. 
PCA is a multivariate statistical tool that reduces large interrelated datasets to a small 
number of variables while retaining the variability in the original data. Principal com- 
ponents (PCs) are the outcome of such computation so that the first few PCs retain the 
variability of the original data (7, 13-17). PCA reveals the existing variance present in 
an original data, identified as observations (e.g., the quantity of measured vibration 
signal) and variables (e.g., CF, Ku, 1x-5x). In this study, PCA has been used to investi- 
gate the relationship of an extensive range of experimentally simulated rotating 
machine faults in a single analysis. Given a data matrix K, features 
kaT1, kaT2, kaT3, ... kaTn represents acceleration-based time domain parameter while 
kvF1, kvF2, kvF3, ... kvFn represents velocity-based frequency domain parameter. The 
recorded vibration data constituted the observation Dm, with machine conditions Ck, 
and rotation speed Sp, where m is 1, 2,3... m,k iS 1, 2,3... k, and, pis 1, 2,3... p, respect- 
ively. Equations (2) and (3) represent the data matrix computed to develop the 
model; 


Karp, ERR Katnp, tae KF 1p, yrs kvFan, 
Kag Sh r Tea a e y oN (2) 
Kat ip, aes Katnpp, od kyFip, Ei Kyra, CS; 
Kas, © Kas, 
K=} 2 0: (3) 
Kas, «°° Kes, 


Equation (2) shows the initial build-up of the model. The computation is such that C; Sı 
represents condition one at speed one, say baseline-RMRU at speed 450 rpm (7.5 Hz). 
This computation extends to all conditions C, at all speeds S,, as shown in equation 
(3). Acceleration-based time domain and velocity-based frequency domain param- 
eters made up 9 features per bearing, and with 4 bearings in the test rig where the 
measurement was done at 3 running speeds a total of 9 x 4 x 3 = 108 features com- 
puted. Similarly, 20 sets of data per machine condition formed the observation. Since 
the simulated machine conditions were 5, all cases’ total observation becomes 20 x 5 
= 100. Thus, data fusion of acceleration and velocity features (dFAVF) at all speeds 
and all experimentally tested conditions gave a 108 x 100 data matrix. Data normal- 
ization is achieved here by converting each element in K to zero mean and unit vari- 
ance. The normalization helps create a common scale to avoid misrepresentation of 
the data (13). Thereafter, the PCA-based pattern recognition of machine condition was 
employed to analyse the computed data matrix (17). 


6 OBSERVATION AND DISCUSSION 


Figure 6 shows a representation of the PCA-based pattern recognition using the data 
fusion model from section 5. PC1 and PC2 contain a larger variance in the data matrix 
(17). In plotting principal components (PCs), one should note that each PC has 
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a single direction with a midpoint at zero. A positive or negative PC gives the direction 
of the variable in that PC regarding a single dimension vector; thus, PCs may be posi- 
tive or negative (7,13). The simulated conditions represented in Figure 6 (a) are the 
baseline residual misalignment, and residual unbalance (baseline-RMRU), misalign- 
ment (M), crack close to B1 (C1), shaft rub (R) and bearing cage defect at B2 (Bc2). 
Observation showed that baseline-RMRU, M, C1, R, and Bc2 had useful clustering 
and separation. The baseline-RMRU had a separate cluster from other conditions, 
however, it is closer to the rotor conditions than the bearing. Also, while the M, C1, 
and R, which are rotor conditions, stayed close to each other, Bc2 a bearing defect is 
separated from other conditions while showing some spread in its cluster. This separ- 
ation of the bearing from other conditions may be due to differences in the frequency 
range (21), i.e., ‘low’ frequency faults cluster around the same region, further away 
from the ‘high’ frequency faults. On the other hand, the spread seen in Bc2 may be 
due to variation in the impact load during machine operation. The rotor faults seem to 
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Figure 6. Single classification of rotor-related and bearing fault in a lab rotat- 
ing rig (a) combined view (b) zoomed view. 


overlap each other as observed in Figure 6 (a). However, a zoomed view showed clear 
separation of each condition as seen in figure (6) b. 


In this study, the consolidated fault identification analysis of rotor-related and bearing 
fault using the PCA-based pattern recognition model was achieved. Therefore, this 
model's application may provide useful diagnostics information and a better under- 
standing of individual faults behaviour at the various frequency ranges. This informa- 
tion may be helpful to vibration analyst for early decision making in the plant. 


7 CONCLUSION 


In this study, the data fusion of acceleration and velocity features (dFAVF) model fur- 
ther incorporated bearing features in its analysis. The aim was to develop 
a consolidated fault detection model for an extensive range of machine faults (rotor 
and bearing) in a single analysis. The acceleration-based time domain and velocity- 
based frequency domain features from vibration signals were selected to populate the 
model. The signals obtained from multiple speed operation i.e., below and above the 
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machine’s first critical speed gave good analysis. The investigation from this prelimin- 
ary study showed useful clustering of individual conditions. Further, observation 
showed significant separation between the rotor-related and bearing faults, which 
may represent the ‘low’ frequency and ‘high’ frequency ranges of faults. The result is 
the outcome from a single analysis. This development presents a robust background 
for further studies in which more faulty conditions can be captured and thus extended 
to industrial-scale fault detection. 
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ABSTRACT 


Long flexible shafts with bladed discs are a fundamental component of any gas tur- 
bine, and as such have been investigated in detail for many decades. With the emer- 
gence of the next generation of gas turbines, with shorter, stiffer shafts, and larger 
and more three-dimensional blades, current understanding of the underlying physical 
phenomena will need to be re-evaluated and where necessary extended. To support 
the ongoing research into blade-shaft coupling and cross-shaft coupling, a new rotor 
dynamic test facility has been developed over the last few years at Imperial College 
London, providing the ability to study the dynamic interaction of individual rotor com- 
ponents during synchronous and asynchronous excitation in a well-controlled 
environment. 


The design and features of the test facility are discussed in detail, focusing on the 
novel features of the rig. Initial results for a bladed disc with staggered blades show 
the ability of the rig to operate under a wide range of conditions and highlight the good 
quality data that can be obtained. 


1 INTRODUCTION 


Shafts and flexible bladed discs form the backbone of many rotor systems, with 
applications ranging from aircraft propulsion and power gas turbines to vacuum 
cleaners. New requirements such as weight reduction, better performance and 
extended life, lead to a more and more demanding dynamic environment in which 
these systems operate. Shafts and discs have historically been studied independ- 
ently of each other due to their large frequency separation, analysing the flexible 
shaft with rigid discs, and the flexible bladed disc with a rigid shaft.. This 
uncoupled analysis is considered valid as long as the disc resonances are well 
above the shaft ones and the shaft interaction is kept to a minimum. However, 
modern design trends, particularly in the aero engine sector, lead to more flexible 
discs and blades, shorter and more rigid shafts, and much more flexible casings, 
bringing the natural frequencies of the different components much closer 
together, and consequently leading to much more dynamic interaction between 
these components. 


To study the underlying coupling phenomena and allow a high-quality validation of 
existing and emerging analysis tools, a unique test facility has been designed and 
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commissioned at Imperial College London, allowing the detailed study of the partici- 
pating coupling phenomena in a well-controlled environment. 


2 ARES TEST RIG 


The principle idea behind the Asynchronous Rotor Excitation Rig (ARES) is to provide 
for the first time a well-controlled rotor dynamic test environment that allows the 
study of blade-shaft and cross shaft coupling behaviour at the same time. 


2.1 Rig requirements and basic design 

During the initial phases of the design, a series of requirements were defined for the 
test facility. The main requirements thereby were to provide a (i) long and flexible (ii) 
single or dual shaft system with (iii) synchronous or asynchronous rotor excitation 
[1], [2], that could be supported by (iv) rigid or flexible, (v) symmetric or asymmetric 
bearing supports, to study advanced blade shaft coupling phenomena [3]. The rig 
needed to be (vi) easily re-configurable to test a multitude of setups and (vii) allow 
accurate measurements of the shaft response. In addition, the rig needed to house 
(viii) a flexible bladed disc on the shaft, to study blade shaft interaction, without the 
influence of (ix) aero-elastic effects. 


Bladed Balancing 
disc discs 


Shaft 


Piezo stack Front bearing Back bearing 
exciter support support 


Figure 1. Axial locations of different rig components. 


Based on these initial requirements, the concept rig design in Figure 1 was 
developed. It consists of a single flexible shaft, which is mounted on two bear- 
ings. The back bearing thereby is a radially rigid bearing that floats in the axial 
direction, while the front bearing can be mounted in a rigid or flexible configur- 
ation. Two balancing discs are added to the shaft to allow dynamic balancing of 
the rig and synchronous excitation via an out of balance mass. A flexible bladed 
disc is also mounted on the shaft via a lock and release mechanism. In order to 
simplify the rig design, it was decided to simulate the asynchronous excitation 
coming from a second shaft via a well-controlled excitation of the flexible bear- 
ing housing. The shaft is driven from the back (z=0 mm) via a flexible coupling, 
and the entire system is enclosed in a low-pressure environment to reduce the 
aeroelastic effects on the bladed disc, and provide containment in case of 
a critical event. 
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Based on the requirements and the initial design concept the detailed design in 
Figure 2 was developed, addressing all the described features in a single test facil- 
ity. The rig design was heavily influenced by the experience obtained during the 
design and operation of the AFRODITE (Advanced Flexible Rotating Disc TEst) facil- 
ity [4], which allows the testing of a flexible bladed disc on a rigid shaft. In the 
following a detailed discussion of the main components of the ARES facility will be 
provided. 
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Front door Drive shaft 
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Front balancing disc Piezo Stack Exciter Back balancingdisc Flexible shaft 


Figure 2. The fully assembled ARES test facility. 


2.2 ARES Components 

The rig is located on a large, rigid inertial concrete block, which is isolated from the 
ground via air springs (see Figure 3). The inertial block has a weight of approx. 2 
tons and ensures minimal vibration transmission. It is fitted with a machine bed with 
T-slots to provide a flat reference surface and allow easy attachment of the test rig 
components and its supporting instrumentation. Directly attached to the inertia 
block is a large, rectangular aluminium chamber (L 1725 x W 980 x H 945 mm), 
which is sealed via O-rings to provide a low-pressure environment for testing without 
aeroelastic interaction. The chamber in Figure 3 has been designed to withstand 
a pressure difference of up to 1 bar (0.95 bar achieved during commissioning). In 
order to achieve this pressure requirement, the chamber is strengthened with alu- 
minium ribs and an internal Aluminium profile frame, leading to less than 1mm 
deflection in the fully evacuated state. The chamber has five large doors with fitted 
polycarbonate windows, giving access to the test rig from all sides. The back of the 
chamber is permanently mounted and is fitted with a series of access ports and 
a centrally fitted sealed shaft bearing assembly to transmit the externally fitted 
motor motion to the shaft. 
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Figure 3. The Foundation block and low-pressure chamber a) in closed state 
and b) with open doors. 


Two large and rigid steel-L shapes are mounted to the test bed (see Figure 2), which act 
as the bearing supports for the back and front bearing. The rear bearing support has 
a permanently mounted floating self-aligning bearing (SKF 2208-EKTN9) attached at 
a height of 400 mm, leading to a maximum bladed disc diameter of 700 mm. The front 
bearing assembly is of a much more complicated design, since it needs to be reconfig- 
urable in order to allow a transition from rigid to very flexible in multiple stages and 
needs to incorporate the ability to excite the shaft with an asynchronous excitation. 
A dedicated bearing housing has been designed for the self-aligning SKF (SKF 2208- 
EKTN9) bearing, which can be attached via four flexible rods of variable dimensions and 
shapes to the L-shapes (see Figure 4a). This arrangement allows for a wide selection of 
bearing configurations, where round rods of variable length provide symmetrical bear- 
ing housing stiffness, while the bars with machined flat sides in Figure 4b) introduce 
asymmetric bearing housing stiffness. The two bearings are attached to the shaft via 
a keyless bushing, that provides a strong connection between inner race and shaft and 
allows to control the clearance in the bearing at the same time. 


Figure 4. Flexible front bearing assembly a) symmetric and b) asymmetric. 
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The 1300mm long hollow shaft is made of stainless steel. It has an outer diameter of 
35 mm and an inner diameter of 22.2 mm. The inner hole thereby allows to route 
cables from the back end of the shaft to the front, where a flexible disc and 
a telemetry system can be mounted. Two identical balancing discs (see Figure 5a) are 
mounted to the shaft via a Trantorque GT keyless bushing which allows an easy reposi- 
tioning of the discs along the shaft. The balancing discs have an outer diameter of 
240 mm, and a mass of 7.2 kg. A series of circular patterns of threaded holes allow 
a large range of different balancing weights to be attached to the balancing discs 
during dynamic balancing to ensure a smooth running of the system and provide syn- 
chronous shaft excitation when needed. 


A flexible disc can be mounted to the shaft via a telemetry/disc holder that is attached 
to the shaft via an additional Trantorque GT keyless bushing (see Figure 5b). The tel- 
emetry holder houses up to three telemetry systems and acts as the interface for any 
excitation power that may be required in the rotating frame. It also doubles as the 
flange to which a flexible bladed disc of variable design can be mounted. 


By choosing the friction based mounting systems for the bearings and all the discs 
a shaft of uniform diameter can be used. This enables a very flexible rig configuration, 
allowing to change bearing and disc locations depending on the needs of the test 
setup. 


Figure 5. Detail of a) balancing disc with Trantorque GT mounting and b) four 
blade disc configuration with telemetry holder. 


2.3 Excitation 

In order to study the dynamic response of the ARES rotor, a well-controlled excitation 
and an accurate measurement of the response is required. Three types of excitation 
are available on the rig: (i) synchronous excitation via an out of balance mass on one 
of the two balancing discs, (ii) asynchronous excitation of the front flexible bearing 
housing via two piezo stack exciters, and (iii) blade excitation via piezo patches on the 
rotating blades. 


The synchronous excitation is thereby the easiest to provide, since a small mass, 
added to one of the balancing discs normally suffices to generate a force, synchronous 
to the rotor speed. The location of the force input can thereby be varied, since the bal- 
ancing discs can be moved around the shaft within the available space. 
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a) 


Figure 6. Excitation of a) bearing housing via piezo stack exciters and b) 
bladed disc via piezo patch excitation. 


A much more challenging excitation is the asynchronous system which must allow excita- 
tion of the shaft via the flexible front bearing at any chosen excitation frequency and any 
orbit to simulate forcing coming from a secondary shaft system. It needs to be able to 
transmit large forces into the bearing, without impacting the flexibility of the bearing 
support. Two piezo stack exciters (Piezosystem Jena PSt 1000/35/200 VS45) attached 
to two amplifiers (Piezosystem Jena RCV1000/7) were chosen for this purpose. They 
are arranged at a 45° angle (see Figure 6a) between the machine bed and the bearing 
housing and are attached to the shaft assembly via strong push rods. The piezo stack 
exciters were chosen as exciters due to their large forces (>40 kN blocking force) and 
their ability to operate in a low pressure environment. Their high stiffness required 
a careful design of the front bear housing support, since attaching the piezos directly to 
the bearing housing negated the flexible bearing support, grounding the bearing once 
more. To address this issue an additional excitation plane between the L-Shape and the 
bearing housing was introduced (see Figure 6a) to which the piezos are attached. The 
excitation plane is thereby attached via flexible rods to the L-shape, allowing it to be 
actuated in all radial directions via the two attached piezo stack exciters. The bearing 
housing is then connected via flexible rods to the excitation plane, which when excited 
inputs base excitation into the front bearing housing, which in turn transmits the forces 
via the bearing into the shaft. Although this setup may sound somewhat complicated, it 
proved to be highly effective, eliminating the impact of the piezos on the stiffness of the 
front bearing housing, without compromising too much on the achievable excitation of 
the system. 


The third excitation system available in the system is a blade excitation system shown 
in Figure 6b), similar to the one presented in [4]. It consists of a purpose built ampli- 
fier box that can drive up to nine piezo patches simultaneously. The piezo power is 
transmitted into the rotating frame via a liquid slipring (Jordil Technic - Rotrans) and 
distributed via the telemetry holder to the individual blades on the disc. This allows 
excitation of up to nine individual blades at the same time, enabling harmonic standing 
and traveling wave excitation, different Nodal Diameter excitation, and random and 
impact excitation of the blades. 


2.4 Instrumentation 

The dynamic response of the system to the previously described excitation mechan- 
isms, can include rotor speed, rotor vibration orbits, and, if present, bladed disc 
vibration. 
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Figure 7. Measurement setup a) LDTV shaft measurements and b) Strain 
gauge telemetry system. 


Currently four highly accurate laser displacement probes (Keyance LK-H022) form the 
backbone of the measurement system. They allow a contactless measurement of the 
shaft orbits at two different locations along the shaft. Two probes are thereby mounted 
orthogonal to each other to measure one location, as shown in Figure 7a). Due to the 
high reflectivity of the stainless-steel shaft, excellent measurement readings can 
thereby be obtained at all running speeds. The motion of the bearing housings is being 
monitored via individual accelerometers (PCB 353B03) that are aligned with the shaft 
centre line in the vertical and horizontal direction. The rotor speed is measured via 
a once per revolution tachometer, and a 4096 pin encoder (British Encoder - Model 
776), to ensure an accurate knowledge of the instantaneous rotor speed. 


The measurement of the blade vibration is based on a set of strain gauges on the 
blades. Up to six strain gauges can thereby be directly attached to the liquid slip ring 
(no on board amplification required due to excellent signal to noise ratio), if no piezo 
blade excitation is required, or a low cost digital telemetry system shown in Figure 7b) 
from Transmission Dynamics can be used to wirelessly transmit up to 12 strain meas- 
urements from the rotating to the static frame. 


Finally the forces introduced by the piezo stack exciters to the excitation plane are 
being monitored via two dynamic force gauges (PCB 208C05). 


2.5 Drive and control system 

The ARES test facility is powered by a 7.5 kW Motor (Siemens Simotics S) which pro- 
vides up to 13Nm of torque and enables a maximum operational speed of 6000rpm. 
The motor is attached to the short, sealed drive shaft via a V-belt. A very flexible 
spring coupling (R+W BKH 60) is being used to connect the rigid drive shaft to the flex- 
ible test shaft inside the chamber, in order to minimise any impact on the dynamic 
response of the rotor. 


The entire facility is being controlled via a system based on a network of National 
Instrument cRios [5]. The advanced implementation of the control system, in the 
FPGA layer of the hardware directly and in its real time operating system, allows 
a very quick and reliable operation of the rig, at reasonable cost. A total of 16 
output channels control the motor speed, the asynchronous piezo stack exciters 
and the piezo patch blade excitation, while 32 input channels keep track of up to 
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four LDTV’s, two rotational input signals, two force gauges, four accelerometers, 
and up to 12 strain gauge channels. All input and output channels are thereby on 
the same clock, providing excellent phasing information between all the obtained 
data. 


3 INITIAL ARES TESTS 


The rig configuration used for the initial rotating tests of the ARES facility is shown in 
Figure 8. The setup was selected so that the first critical speed would be within the 
running range of the rig, and the blade modes would couple with the shaft response. 
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Figure 8. Axial locations of different rig components. 


The first step during rig operation is its dynamic balancing. Due to the flexible arrange- 
ment possibilities of the rotor components, this process must be streamlined and rea- 
sonably quick, in order to balance the system after each modification. A dedicated 
Labview code, based on the influence-coefficient method, is available for this purpose, 
that allows a reasonably quick dynamic balancing of the system. 


3.1 Unbalance excitation 

Once balancing was completed successfully, its balanced state was considered the 
nominal state. Unbalance masses were then added to the front disc, and the rotor 
speed was then increased from zero in 0.1 Hz increments through the first critical 
speed to measure the rotor response. 


Figure 9a) shows the shaft response in the location of the front balancing disc in x and 
y-direction for the balanced case, and two levels of increasing unbalance. The results 
highlight that a reasonably good level of balance was achieved initially, and clearly 
identifies the critical speed at 33Hz. A significant response below 20Hz could also be 
observed which gradually reduces to zero, which could be attributed to a runout of the 
shaft. 
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Figure 9. Unbalance response a) shaft response at front disc location and 
b) the bladed disc. 


The bladed disc first Nodal Diameter (1ND) stationary response and 1ND forward 
(1ND FW) travelling response are shown in Figure 9b). It can be observed that both 
the stationary and FW travelling modes respond at the first critical speed, but only the 
FW traveling response depends on the unbalance level. This is because the 1ND sta- 
tionary pattern is excited by gravity, whereas the 1ND FW travelling pattern is due to 
unbalance. 


3.2 Asynchronous piezo-electric excitation 

One key capability which is enabled by exciting the rotor asynchronously with the 
piezo stack exciters is that it is possible to experimentally obtain a Campbell diagram. 
The piezo stack exciters were used to excite the rotor over a range of frequencies, at 
a fixed rotor speed, which was then repeated for multiple rotor speeds. The frequency 
response was then extracted and plotted on a 2D plane with rotor speed and piezo 
stack exciters frequencies as axes. 


3.2.1 Forward traveling wave (FW) excitation 

A forward rotating force was first applied with the piezo stack exciters which leads to 
the response of the FW modes. The response to FW excitation is shown in Figure 10. 
Two FW modes can be identified which have been highlighted by the white lines in the 
plots; one which is shaft dominated (Figure 10a) and b), and one which is bladed disc 
dominated (Figure 10c). The response frequency of the bladed disk mode is much 
lower than the shaft frequency at low speeds, but it rises rapidly due to centrifugal 
stiffening so that the two modes start to interact around 2 = 10 Hz, where significant 
curve veering can be observed. 
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Figure 10. Response to FW excitation a) shaft at front disc in x and 
b) y direction and c) the 1ND FW bladed disc response. 


3.2.2 Backward traveling wave (BW) excitation 

The phasing between the piezo stack exciters was then reversed, to apply a BW rotat- 
ing force, which excited the BW modes. The response is plotted in Figure 11 below. 
The BW shaft-dominated mode can be clearly observed in the disc response in both 
directions (Figure 11a) and b). It reduces slightly with speed due to gyroscopic effects. 
The same shaft mode can be observed in the bladed disc response, in addition to the 
blade-dominated BW mode which decreases rapidly with increasing rotor speed. This 
reaches OHz at a rotor speed around 30Hz, which explains the large 1ND stationary 
response due to gravity in Figure 9. The two BW modes remain well-separated and 
therefore do not display any interaction. 


|sXFrontDisc| (mm) |s¥FrontDisc| (mm) 


_—————————— 


BW shaft mode BW shaft mode 


o 10 20 30 0 10 20 30 
Q (H Q (H: 2 (H2) 
(Hz) b) (Hz) o) 


a) 


Figure 11. - Response to BW excitation from PEAs from PEAs a) shaft at front 
disc in x and b) y direction and c) the 1ND BW bladed disc response. 


4 CONCLUSIONS 


A unique test rig has been designed by the Dynamics Group at Imperial College 
London dedicated to the study of the interaction of long flexible blades with shorter, 
stiffer shafts, which can lead to blade-shaft coupling or cross-shaft coupling. The test 
facility also provides the capability to study flexible symmetric and asymmetric bear- 
ing supports and has the ability to excite the rotating components synchronously via 
out of balance masses, asynchronously via piezo stack exciters, and with a variety of 
ND patterns via piezo patch exciters on the blades. 


First experimental testing of the ARES facility has demonstrated the ability to excite 
synchronous and asynchronous rotor response, highlighting a strongly coupled 
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dynamic behaviour between a simulated shaft excitation, the main shaft and its 
mounted bladed disc. 
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ABSTRACT 


Rolling-element bearings are used extensively to support shafts in rotating machines 
due to their low friction and high load capacities. They are known to be inherently non- 
linear in nature due to clearance and stiffening nonlinearities, which depend on many 
parameters which are difficult to quantify, such as the radial clearance. As a result, the 
nonlinear behaviour of the bearings is challenging to predict and consequently the 
bearings are regularly modelled as linear springs in rotordynamic analyses. With ever 
more flexible rotor designs emerging, a need for more physical bearing models arises 
to enable advanced non-linear rotordynamic simulations, and hence an improved 
understanding of the non-linear bearing behaviour is required. For this purpose, a new 
static test rig known as the BEaring LOading System (BELOS) has been developed at 
Imperial College London which allows some of these unknown bearing parameters to 
be identified. 


The design of the rig allows accurate quantification of the nonlinear deflection curves, 
including zero-stiffness effects during bearing clearance and increasing stiffening 
behaviour under higher loads. It was demonstrated that an experimental setup can 
measure the bearing stiffness to a good level of accuracy. Some key bearing param- 
eters were identified by tuning the numerical model to match the experimental 
results, ready for use in a nonlinear rotordynamic analysis. 


1 INTRODUCTION 


Rolling-element bearings are used extensively to support shafts in rotating machines 
due to their low friction and high load capacities [1]. They are a key source of both 
flexibility and damping in rotor systems, and therefore have a large influence on the 
response [2], [3]. They are known to be inherently nonlinear in nature, primarily due 
to clearance [4], [5] and the non-linear Hertzian contacts [6], [7]. These depend on 
parameters which are highly uncertain, such as the radial clearance, making it difficult 
to predict the nonlinear behaviour of the overall rotor-bearing system. The current 
approach is often to simply model the bearings as linear springs [2], [3], but with the 
emergence of ever lighter and more flexible rotor designs, this fails to capture certain 
phenomena observed in real turbo-machinery such as jump phenomena [8] and cha- 
otic responses [9], [10]. There is therefore a need to better understand the influence 
of these bearing non-linearities on the dynamics of rotors, and to develop improved 
high-fidelity bearing models. 


A project has been underway to specifically investigate the influence of a rolling- 
element bearing on the response of a simplified rotor, using the Asynchronous 
Rotor Excitation System (ARES) test rig at Imperial College London [11]. It con- 
sists of a single shaft with two balancing discs, supported by 2 self-aligning bear- 
ings. The rotor can be excited synchronously by an out-of-balance mass on one 
disc, or asynchronously by piezo-electric actuators connected to the front support. 
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However, since the ARES test rig is complex with many components, it was 
decided that it was necessary to first validate the bearing model in a simplified 
setting. To this end, a separate static bearing test rig was developed, which is 
known as the BEaring LOading System (BELOS). This allows the non-linear bear- 
ing stiffness to be accurately measured, and some unknown bearing parameters 
to be identified. 


2 EXPERIMENTAL SETUP 


The BELOS test rig consists of a SKF 2208-EKTN9 Self-Aligning bearing, which is 
fitted into a rigid steel housing block using a J7 ISO tolerance, as shown in Figure 
1. The bearing is mounted in a horizontal orientation, so that the bearing is not 
axially loaded. The steel housing block is bolted to an interface plate using 
8 x M12 bolts, which is in turn bolted down firmly to a test bed using T-slots and 
12 x M10 bolts. 


A short 35 mm OD shaft runs through the bearing and is fixed with an SKF H308E 
adaptor sleeve. This device allows the internal clearance within the bearing to be 
varied, depending on how many turns it is tightened. The adaptor sleeve was tight- 
ened up using a torque wrench to a constant 34 Nm, to ensure the bearing clearance 
was consistent across the tests. Since the bearing was self-aligning, the shaft was free 
to tilt around the x and y-axes (shown in Figure 1). The shaft was also not constrained 
against rotation around the z-axis, but the small amount of friction in the bearing was 
found to be adequate to prevent this. 


Adaptor 
sleeve 


Flats for 
laser spots 


Loading 
shaft 


Figure 1. BELOS bearing housing. 


Loads are applied to the bearing using known masses loaded onto a cable-pulley 
system via a short shaft running through the bearing. Loads can be applied in either 
the vertical or horizontal directions, and the shaft displacements are measured with 
laser displacement sensors. The acquired data allow force-displacement curves to be 
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plotted, and the non-linear bearing stiffness to be measured. These systems will be 
discussed in more detail in the following sections. 


2.1 Displacement sensors 

The shaft displacement is measured by horizontally and vertically aligned probes on 
each side of the bearing, so that the displacement in both orthogonal directions was 
measured simultaneously. Keyence LK-H022 laser displacement probes were used 
with a 0.01 um repeatability. These were connected to a Keyence LK-G5001 controller, 
which interfaced with the PC over USB. Since the laser displacement sensors are 
designed to work on flat surfaces, the laser spots reflect off smooth flats machined 
into the shaft, which maximises the accuracy of the measurements. 


Since the displacements were measured on both sides of the bearing, it was possible 
to resolve the shaft translation in the horizontal (x) and vertical (y) directions remov- 
ing the effect of any rotation around these axes. For example, in the horizontal (xz) 
plane, the following transformation was applied: 


front oer 
ô= ao (1) 


gort — grer 
Š x x 2 
a laser ( ) 
where 6, is the horizontal shaft deflection, 0, is the rotation around the y-axis. 
A similar transformation was applied for the data in the vertical (yz) plane. 


2.2 Loading system 

The bearing is loaded via steel rings encircling the shaft, which sit within 
machined grooves. This ensured that there was a single contact on the shaft and 
no torque could be applied, minimising any shaft rotation. Pre-calibrated weights 
applied loads to these rings via a cable-pulley system. The loading system was 
designed to distribute loads evenly between each side of the bearing, to minimise 
any tilting motion. 


Table 1. BELOS rig parameters. 


Parameter Symbol 


Laser separation | laser 


Shaft mass Mshafi 


2.3 Shaft compliance compensation 

Although the shaft displacement was measured very close to the bearing using the 
laser probes (see Table 1), the compliance of the shaft could not be neglected. The 
bearing stiffness was predicted to be of the order ~108 N/m, whereas the shaft com- 
pliance was of the order ~10° N/m. This means there is a ~10% discrepancy between 
the deflection measured by the laser and the true bearing deflection, as depicted in 
Figure 2. This effect was compensated for in post-processing. 
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Figure 2. Shaft loading schematic. 


The shaft stiffness ksnar seen at the laser was derived from beam theory, by considering 
the equivalent cantilevered beam model shown in Figure 3. 


Figure 3. Equivalent shaft model using beam theory. 


The lateral deflection along the beam at a given axial location is given by [12]: 


f 


6(z) = TET? Coad —z) 


where f is the total applied load, which is assumed to be split evenly between each 
side of the bearing. The deflection at the laser can be found by substituting in z = laser: 


O(liaser) = "EF (3lioad = laser) 


which can then be rearranged to yield the shaft stiffness: 


f 12EI 
(Laser) B ser (load a laser) 


(3) 


K shaft 


The shaft compliance can then be compensated for by introducing a simple load- 
dependent correction, to give the bearing deflection dpearing: 


f 


Kshaft 


Obearing = (laser) = (4) 


where ô(luser) is the shaft deflection from the laser displacement probes, after remov- 
ing the effect of any shaft rotation using (1). This correction was applied to both the 
vertical and horizontal deflections. 
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2.4 Vertical loading configuration 

The bearing was initially loaded vertically, since this was the simpler test setup, as shown 
in Figure 4. The rig was only able to apply upward loads to the bearing in this configur- 
ation, so that only the elements at the top of the bearing were in contact and loaded, 
while the elements at the bottom of the bearing remained unloaded. Therefore, the bear- 
ing never crossed the dead-band due to its internal clearance, and it was not possible to 
measure this parameter from these tests. However, it was possible to apply higher loads, 
thereby allowing any change in bearing stiffness with load to be measured accurately. 
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Figure 4. Vertical loading configuration. 


Instead of directly connecting both sides of the bearing to the main loading cable, 
an intermediary pulley block was used. This ensures that an equal load was applied 
to each side. The pulley was kept well-greased to minimise the influence of friction. 
Before each round of tests, a large load was initially applied and removed to allow 
the rig to settle into its natural equilibrium position. The bearing was loaded from 
an initial 10 N, which slightly exceeded the weight of the pulley and shaft, up to 
a maximum load of 1300 N in 50 N increments. One complete cycle of loading and 
unloading was completed in each test, so that any hysteresis could be measured. 
This test was repeated many times to be able to quantify the precision of the 
measurements. 


The load applied to the bearing in the vertical direction is not in fact the same as the 
load applied to the loading cable. This is because a certain mass is required to offset 
the weight of the pulley and shaft. This can easily be handled by adding an offset to 
the applied load: 


7 = fpulley = (Mshapt at Mulley )& (5) 


where the shaft mass is shown in Table 1, and the pulley mass in Table 2. The value of 
the effective shaft stiffness from (3) was pre-computed and is shown in Table 2. 
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Table 2. Vertical loading parameters. 


Parameter Symbol | Value 


Cable loading position | Uisnap 110 mm 


Pulley mass Mpulley 0.367 kg 
Shaft stiffness Kshafi 884 MN/m 


2.5 Horizontal loading configuration 

The rig setup was then adjusted to load the bearing in the horizontal direction. Since 
cables were connected to both sides of the bearing, it was possible to apply a net load 
to the bearing in either direction, unlike in the vertical tests. As a consequence of this, 
it is possible to directly observe any internal clearance in the bearing. However, there 
is a constant vertical load due to the shaft weight in these tests, which complicates the 
analysis. 


In this configuration, beams were used to distribute the load between the front and 
rear of the bearing, as shown in Figure 5. Beams were used instead of a pulley block, 
in order to reduce the weight of the loading system, which would otherwise cause the 
loading cable to sag. The relevant parameters are shown in Table 3. 


A constant 10 N load was applied to each side of the bearing to maintain tension in the 
cables. Additional masses were then hung from one side of the bearing from 0 N up to 
1300 N in increments of 50 N, and then gradually unloaded down to 0 N. The masses 
were then applied in the same way to the other side of the bearing, so that the direc- 
tion of loading was reversed, thus completing the loading cycle. This whole process 
was repeated many times as with the vertical loading tests. 


Laser 
displacement 


m probes 


Loading 
beam 


Horizonal 
cable-loading 
system 


Loading 
weights 


Figure 5. Horizontal loading configuration. 
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In this configuration, it was not necessary to offset the loads applied by the weights to 
compute the bearing loads, since the weight of the loading beams has little influence 
on the tension in the cables. However, the weight of the shaft was always present lead- 
ing to a constant vertical load of f, = msiazg, which must be included in the numerical 
model in addition to the horizontal load f. applied by the cable system in order to 
accurately replicate the test conditions. 


Table 3. Horizontal loading parameters. 


Parameter Symbol | Value 


Cable loading position | Uisnaz 200 mm 
Shaft stiffness K shaft 425 MN/m 


As with the vertical loading case, the value of the effective shaft stiffness from 
(3) was pre-computed and is shown in Table 3. Note that the value has changed 
since the horizontal loads were applied further along the shaft, so that lsn had 
a different value. 


3 BEARING MODEL 


The experimental results were used to parameterise a numerical model implemented 
in MATLAB. This model was based upon the widely-used quasi-static approach intro- 
duced by Jones [13]. For the sake of brevity, this will not be derived in this paper, and 
the reader is referred to Lim et al. [6]. The baseline model was generated with the 
geometric parameters in Table 4 which were obtained from the SKF website [14]. It 
should be noted that since this bearing has many elements, the bearing stiffness is 
insensitive to rotation angle, so the so-called ‘variable compliance’ effect was 
negligible. 


Table 4. SKF 2208-EKTN9 known bearing parameters [14]. 


Parameter 


Number of balls 


Bearing width 


Ball diameter 


Distance between ball centres 


Contact angle 


Axial separation between rows 
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However, some other key bearing parameters are unknown. For example, the contact 
loads Q are related to the contact deflections 6 by the following non-linear Hertzian 
contact law [1], [6]: 


OQ = Ks" 


where the constant K is the combined Hertzian contact stiffness coefficient of the inner 
and outer race contacts, and the exponent n = 3/2 for the circular contacts in a ball 
bearing. The stiffness coefficient K is not typically supplied by the manufacturer, 
although an initial estimate can be computed by assuming generic material properties 
of steel. 


The bearing clearance also has a large influence on the bearing stiffness. This is 
typically expressed in terms of a radial clearance value c,. Although manufacturers 
sometimes supply typical values for the clearance, it will also depend on many 
other variables such as the bearing housing tolerance and how much the adapter 
sleeve is tightened. Therefore, to get an accurate value, it needs to be measured 
in situ. 


In order to fully parameterise the bearing model, both the Hertzian contact stiffness 
coefficient K and the radial bearing clearance c, were extracted from the experimental 
data. This process will be discussed in the following section. 


4 RESULTS 


4.1 Vertical loading 


4.1.1 Stiffness characteristic 

The results from the vertical loading setup are shown in Figure 6. The raw laser dis- 
placements were converted into shaft displacements using (1) and (2), and shaft- 
compliance was compensated for using (4). The load from the weights were offset 
using (5) to compute the loads applied to the bearing. 


The displacements from each of the 10 individual tests were initially offset slightly 
from each other, since the zero point would drift between tests, so the shaft would 
never start from exactly the same position. Each test was therefore offset in post- 
processing so that they would align at high loads where the behaviour was more con- 
sistent. There is a strong stiffening characteristic with increasing load, demonstrating 
that the bearing is non-linear. The bearing is also very stiff, since the maximum 
observed deflection was only 10 um. 


There are many points where the load is very low, which is where the bearing is 
just in contact. However, since the bearing was not loaded downwards, these 
points do not necessarily cover the whole dead-band region due to clearance. 
Unfortunately, this meant that it was not possible to extract the radial clearance 
from these points. 
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Figure 6. Results from vertical loading tests. 


4.1.2 Experimental uncertainty 

The experimental uncertainty was estimated by computing the standard devi- 
ation of the bearing deflection at each load level, and assuming a normal distri- 
bution. This is shown as the shaded region in Figure 6. The uncertainty is quite 
low at high loads, but very large at the lowest loads, where the bearing just 
starts to become loaded. This was found to be due to the shaft titling and rotat- 
ing slightly during loading, leading to different initial starting conditions for each 
test. For a different bearing such as a deep-groove bearing which would provide 
some constraint against titling, it would be expected that this uncertainty would 
be reduced. 


4.1.3 Comparison to model 

The unknown Hertzian contact stiffness coefficient K in the bearing model was tuned 
by minimising the least-squares error with the experimental data, which yielded 
a value of K = 5.0E9 Nm~*’”. This line is also plotted on Figure 6. 


The model and experimental data in Figure 6 agree well at higher loads, which is 
also the region where the experimental uncertainty was lowest. However, 
there is larger scatter at lower loads, where the model appears to stiffen more 
rapidly than the experimental data, indicating a softer transition. It was found 
that varying the Hertzian contact stiffness coefficient did not improve the agree- 
ment any further in this region, indicating that the model was not able to 
capture all the features of the bearing loading. One explanation could be that 
imperfections in the bearing races caused some elements to become 
loaded sooner than the idealised case assumed in the model. Also, the model 
neglects friction, and this may not be a valid assumption at such low loads. 
Lastly, the model is also quasi-static, so it is assumed that elements reach their 
equilibrium position, but this assumption is likely to be less valid in a static non- 
rotating test. 


4.2 Horizontal loading 


4.2.1 Stiffness characteristic 

The load-displacement relation for this loading configuration, after post-processing 
the deflections using (1), (2) and (3), is plotted in Figure 7. Since the deflections were 
so small, the zero offsets on the laser probes would drift between tests, since the laser 
spot would sit at a slightly different point on the shaft. To counteract this, the 
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displacements from each test were offset by the average displacement for |f£| < 50 N, 
so that they would be centred around x = 0 um. 


The radial bearing clearance is immediately obvious, leading to a dead-band 
around x = 0 um with a width of around ~8 um where the stiffness is very low. 
Outside of these regions, there is clear stiffening characteristic which is approxi- 
mately symmetric as the bearing is loaded in either direction. The horizontal 
stiffness is also very similar to the vertical stiffness, since the bearing displaces 
from ~4 um at the edge of clearance to ~14 um at a load of 1300 N, which is 
similar to the ~10 um deflection observed in the vertical loading case. This is as 
expected, since the bearing should be approximately axisymmetric. 


4.2.2 Experimental uncertainty 

The experimental uncertainty was estimated in the same way as for the vertical 
loading. It can be observed that the experimental uncertainty is much higher in 
the case of horizontal loading, even for the same applied loads. Unlike in the ver- 
tical loading case, the bearing was unloaded twice within one test, which allows 
the shaft to tilt very slightly which was found to reduce the accuracy of the 
results, and explains why the uncertainty is particularly high around f% = O N. This 
means the bearing clearance can only be identified to a precision of around ~1 
um at best. This highlights that the vertical loading configuration is a more accur- 
ate setup. 


4.2.3 Comparison to model 

The results from the updated numerical model are overlaid on the measured data in 
Figure 7, after tuning the radial clearance to c, = 4.1 um to minimise the error with the 
experimental data in a least-squares sense. The Hertzian contact stiffness coefficient 
identified from the vertical loading configuration in Section 4.1 was retained. Good 
agreement with experimental data was obtained, with the model predicting the same 
clear dead-band region where the bearing is in clearance. It can be observed that stiff- 
ness in the clearance region is non-zero in both the experimental data and from the 
model. This is due to the presence of a small vertical load from the shaft weight. Out- 
side of this region, the bearing stiffness rises rapidly as the shaft moves away from the 
central position. 


It is interesting to note the experimental data shows a much sharper change in 
horizontal stiffness (in either direction) as the bearing starts to become loaded 
than in the vertical loading case (as plotted in Figure 6). The agreement was 
found to be poor in this region previously, but since the agreement is now much 
improved in the case of horizontal loading, there is evidence that the very soft 
transition observed in the case of vertical loading may just be due to experimen- 
tal uncertainty. 


On the other hand, the experimental results from the horizontal loading case in Figure 
7 show some slight asymmetry, with a slightly higher stiffness for loading in the posi- 
tive direction than in the negative direction. This could be due to the bearing being 
slightly anisotropic due to manufacturing tolerance, or that the balls have failed to 
settle into their quasi-static equilibrium position. However, the asymmetry could also 
stem from the fact that separate loading systems were used to load the bearing in 
each direction. 
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Figure 7. Results from horizontal loading tests. 


4.3 Summary 

The BELOS test rig has allowed two key unknown bearing parameters to be 
identified, which have been summarised in Table 5 below. The resulting bearing 
model provides a good agreement with the experimental results. However, the 
clearance could only be identified to a lower precision, due to experimental 
uncertainty. 


Table 5. Identified bearing parameters. 


Parameter Value 


Radial clearance r 4.1 um 


Hertzian contact stiffness coefficient 5.0E9 Nm7?/2 


5 CONCLUSIONS 


The stiffness of a bearing was successfully measured using a relatively simple, static 
test rig. It was shown that the bearing stiffness is heavily non-linear, with a dead-band 
at low loads due clearance, and a strong stiffening characteristic outside this region, 
due to the Hertzian contacts. 


Although the experimental uncertainty was quite high at lower loading levels, it 
was found that this was partly due to the low tilting stiffness of the self-aligning 
bearing. This would likely be less problematic for other types of bearing. It was 
found that the vertical loading test had a lower uncertainty at higher loads and 
was useful to measuring the stiffening characteristic. However, the horizontal 
loading was more useful for identifying the clearance in the bearing, since the 
loading was bi-directional. The rig could therefore be improved by allowing down- 
ward vertical loads, which is hoped would allow the clearance to be more accur- 
ately identified. 


The obtained results were used to parameterise a quasi-static bearing model. It was 
possible to extract the Hertzian contact stiffness coefficient and radial clearance by 
tuning the model to match the experimental results, and the agreement of the 
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updated model with the data was very good. The sensitivity to the adaptor sleeve 
torque will now be investigated, which should allow the radial clearance in the bearing 


to be varied. 
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ABSTRACT 


The squared envelope spectrum (SES) is widely used to rolling element bearing (REB) 
fault diagnosis since it is simple and effective. Generally, the performance of SES 
depends on the bearing fault signal that separated from the raw signal. Bandpass filtering 
is a commonly used approach to separate different signal components into different fre- 
quency bands. Both the centre frequency and bandwidth affect the performance of the 
separation. In order to separate the bearing fault signal into a frequency band well, sev- 
eral bandwidths are defined in advance and the distribution of the centre frequency 
promises no blind span throughout the entire frequency range. The kurtosis of the 
squared envelope (SE) and SES are usually used to select the filtered signal that contains 
most of the fault information. Most of the present approaches assess the kurtosis of the 
entire SE or SES which are easy to be interfered with by a single or a few impulses in the 
SE or SES. A method based on the kurtosis of the SES is proposed, which only evaluates 
the kurtosis of the part of SES that is closely connected to the bearing fault. Therefore, 
the interference of a single or several undesired impulses in the SES can be avoided. The 
performance of the method is tested via simulation signals and real vibration data. 


1 INTRODUCTION 


It is widely organized that rolling element bearing is a critical component of a machine 
and prone to damage. Many machines break down are caused by the bearing damage. 
Since fatigue is the main reason of bearing deterioration, therefore, usually, the defect 
development of the bearing is a very complex process and last a relatively long period. 
If it is viable to detect and identify the bearing defect at an earlier stage, there would 
be enough time to prepare maintenance activities and avoid serious accidents. 


Vibration-signal based bearing fault diagnosis is the main branch of bearing fault diagno- 
sis and attracted the attention of many researchers (1,2). Since the strength of the com- 
ponent in the vibration signal caused by the incipient defect on the bearing is very weak, 
the work of separating this weak component from the original vibration signal determines 
the performance of the method to a large degree. Commonly used signal separation 
methods include bandpass filtering, wavelet packet transform, empirical mode decom- 
position, Wiener filtering. For bandpass-filtering based methods, two key parameters, 
centre frequency and bandwidth, control the performance of them. Some innovative 
approaches have been proposed to obtain the optical centre frequency and bandwidth, 
for instance, binary tree approach (3), fixed bandwidth of three times of the fault fre- 
quency approach (4), several predefined frequency bands approach (5). Even though 
these approaches can obtain a relative optimal centre frequency and bandwidth in some 
cases, they still have some drawbacks. For example, the binary tree approach, its per- 
formance will be affected if the optimal centre frequency is close to the defined boundar- 
ies. While the fixed bandwidth of three times of the fault frequency approach is easy to 
contain too much noise in some cases if the fault frequency is high. About the predefined 
frequency bands approch, it needs to select and determine the frequency bands for every 
case in advance based on the frequency spectral. Another common shortcoming of the 
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present bandpass filtering approaches occurs in the process of selecting the optimal fre- 
quency band according to the spectral kurtosis of the filtered signal. The entire spectral is 
used to calculate the kurtosis which is easy to be interfered with by some undesired com- 
ponents in the signal. 


To overcome these drawbacks, a bandpass frequency method is proposed in this 
paper. In this method, several frequency bandwidths are determined by the fault fre- 
quency and the centre frequency is correspondingly determined by the bandwidth. 
The determined frequency bandwidths vary from 1.5 times to 3.0 times the fault fre- 
quency. The corresponding centre frequencies have no blind zone. Meanwhile, only 
the part of SES of the filtered signal that is close to the first two harmonics of the fault 
frequency is used to calculate the kurtosis. It can release the interference of the 
undesired impulse in the SES. 


2 THE ALGORITHM OF THE METHOD 


The algorithm flowchart of the method is shown in Figure 1. There are four key steps 
of this method, including discrete the deterministic and random components, band- 
pass filtering, spectral kurtosis calculation, and PMFSgram display. 


Step 1: Discrete the deterministic and random components. Since there is a slight slip 
between the roller and the races, the fault frequencies of the bearing are a bit different 
from the theoretical value. This introduces some random characteristic to the signal 
component caused by the local bearing defect. Therefore, the signal component 
caused by the local bearing defect is different from the deterministic signal component 
caused by gear meshing or shaft rotation. The goal of this step is to separate the two 
kinds of components according to their different characteristics. Widely used deter- 
ministic and random signal separating methods including time synchronous averaging 
(TSA), linear prediction, self-adaptive noise cancellation, discrete/random separation, 
and cepstral method are compared in (6). In this paper, TSA is adopted because its 
good ability and easy to carry out. 


Discrete Deterministic and 
Random Components 


Bandpass Filtering 


Calculate The Kurtosis of 
SES in Each Frequency Band 


Display The PMFSgram 


Figure 1. The Flowchart of the Method. 


Step 2: Bandpass filtering. This step and the next step are the core of the method and 
determine the performance of this method. This step is to construct the frame of setting 
the frequency band and the schematic diagram is shown in Figure 2. The FIR filter is 
adopted because of its stability and easy implementation. Since it is difficult to detect the 
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higher harmonics of the fault frequency in the SES when the SNR is low, in this method 
the maximum frequency bandwidth is three times the fault frequency. The bandwidth is 
an arithmetic progression and the step size is 0.3 times the fault frequency fa, as follows: 


bw; = (1.2 +i-0.3)f, (1) 


where i = 1, 2, 3, ..., 6, is the serial number of the six frequency bandwidths 


The number of frequency bands n. for each frequency bandwidth is the same. Then, 
the step size Afe; for each frequency bandwidth can be obtained as follows: 


Afc; = (F;/2 — bw;)/ne (2) 


where F, is the sampling frequency. The selected ne should make sure Afc, is smaller 
than bw. 


Therefore, the centre frequency for each frequency band can be obtained as follows: 
fe; = Gj = 1) bw; + 0.5bw; (3) 


where j = 1, 2, 3, ..., me, is the serial number of the frequency band for each frequency 
bandwidth 


o 1/4 1/2 


Figure 2. The schematic diagram of the bandpass filtering. 


Step 3: Calculate the kurtosis of SES. Unlike most of the presented methods, in this 
paper, only part of the SES but not the entire SES is adopted to evaluate the kurtosis. 
Because it is difficult to identify the third or higher harmonic of the fault frequency and 
it is reasonable to make a conclusion of existing defect on the bearing if there are high 
amplitudes at the first two harmonics of the fault frequency in the SES. Therefore, 
only two segments of SES, shown in Figure 3, that is close to the first two harmonics of 
the fault frequency is adopted to obtain the kurtosis of SES. The two segments are 
centred at the corresponding fault frequency harmonic with the width of three times of 
the shaft rotation frequency f,. The SES of an arbitrary filtered signal using the fre- 
quency band shown in Figure 2 can be obtained as follows (7): 


K(fe, bw) = <(|SES;,[n]| — < |SES;,|>)*>/<(|SES;,[n]| — < |SES;,|>)?>? (4) 


where f. is the centre frequency of one frequency band shown in Figure 2, SES, is the 
selected squared envelope spectrum by the way shown in Figure 3. 
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SES 


0 A 2f, f 


Figure 3. The selected squared envelope spectrum. 


While the SES can be obtained by the Fourier transform of the squared envelope of the 
signal and the SE of the signal can be obtained through the analytical form of the 
signal by the Hilbert transform, as follows (8): 


SE[n] = |x[n] +j - Hilbert(x[n])|? (5) 
SES = |FFT(SE)| (6) 


where j is the imaginary unit. 


3 ACTUAL VIBRATION SIGNAL TEST 


In order to test the performance of the method, real vibration signal of bearings with 
artificial defect obtained from a full-scale test rig of a high-speed train traction system 
is used. The overview of the test rig and the schematic diagram of the motor and gear- 
box are shown in Figure 4. The tooth number of the gear on the input shaft and output 
shaft are 26 and 85 respectively. More details of the test rig can be obtained in the ref- 
erence (9). The damaged bearing is a tapered roller bearing BG3-GP5 on the output 
shaft with an artificial defect on the outer race, as shown in Figure 5. The parameters 
of the tested bearing are shown in Table 1. 


Figure 4. The overview and the core schematic diagram. 
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Figure 5. The outer ring of the bearing BG3-GP5. 


Table 1. Parameters of the tested bearing BG3-GP5. 


Damage Ball pass frequency of outer race (BPFO) 
position in the order domain/NX 


FAG-804989 Outer Race 18.4 


Bearing type 


The input speed of the motor is about 83 Hz and the corresponding torque is about 
405 Nm. Both vibration acceleration signal and tacho signal are collected with the 
same sampling frequency of 20 kHz. The length of each signal is 5 seconds with 10° 
samples. The raw vibration signal is shown in Figure 6. Since order tracking can 
release the effect of the shaft rotation speed variation, the raw signal has been order- 
tracked using the tacho signal. 


amplitude 


1 1 1 1 1 1 f f 1 
0 05 1 15 2 25 3 35 4 45 5 
vis] 


Figure 6. The raw vibration signal. 
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Figure 7. — Analysis results: (a) (b) PMFSgram and the SES of its optimal fre- 
quency band; (c) (d) protugram and the SES of its optimal frequency band; 
(e) (f) PMgram and the SES of its optimal frequency band; (g) (h) The 
enhanced kurtogram and the power spectrum of its optimal frequency band. 
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The total number of frequency bands of each bandwidth is 35 for the PMFSgram in this 
case study and it also adopted by the following PMgram. It is shown in Figure 7(a) that 
the optical frequency band (green rectangle) selected by the PMFSgram is [118.86, 
146.46] NX. The corresponding SES of the filtered signal is shown in Figure 7(b) which 
has an obvious peak value at BPFO. It indicates the existence of the defect on the outer 
race. However, the optimal centre frequency selected by the protugram is 91.08 NX, 
shown in Figure 7(c). The corresponding SES of the filtered signal is shown in Figure 7(d) 
and there is no obvious peak value at the first two harmonics of BPFO. It means failed to 
detect the defect on the outer race. The SES of the filtered signal using the optimal fre- 
quency band ([32.42, 60.02] NX) selected by the PMgram (see Figure 7(e)) is shown in 
Figure 7(f), which also has no clear peak value at the first two harmonics of BPFO. It 
means the defect identification is unsuccessful as well. The SES of the sub-signal at the 
4" level (red rectangle) obtained by the enhanced kurtogram (see Figure 7(g)) (10) is 
shown in Figure 7(h), which is also failed to detect the defect on the outer race. 


4 DISCUSSION & FURTHER WORK 


The work in this paper provides a useful method for frequency band selection 
when detecting the bearing defect using SES. The paper mainly focuses on two 
aspects that are frequency band construction and SES evaluation. The strengths 
of the method are also shown in the two aspects. In the frequency band construc- 
tion process, the proposed frequency band building approach can obtain 
a relatively good frequency band and avoid the drawbacks of most of the existing 
methods. In the SES kurtosis evaluation process, only part of the SES that is 
closely connected to the fault frequency is used to calculate the kurtosis, which 
can avoid the interference of some impulses that are far away from the harmonic 
of the fault frequency. 


A remaining problem of this method is that it needs to know the fault type in 
advance, otherwise, it needs to test one time for all four fault types. In future 
work, if it is possible to synthesize the optimal frequency band for each fault type 
in one PMFSgram would make this method more convenient for bearing fault 
diagnosis. This method also has the potential to filter useful signals for bearing 
condition monitoring. 


5 CONCLUSIONS 


The frequency band selection method in this paper takes advantage of the new fre- 
quency band construction approach and the new SES kurtosis assess approach. The 
frequency construction approach has no centre frequency blind zone and the SES kur- 
tosis approach can avoid the interference of the impulses that far away from the fault 
frequency harmonics. It can be used to detect the incipient fault on the bearing. The 
performance and superiority of the method have been validated by actual vibration 
data from atest rig. 
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ABSTRACT 


The aim of research activities is to develop a strategy for a thrust bearing 
design leading to significant benefits in real operating conditions while maintain- 
ing the existing bearing production technology. The genetic algorithms and effi- 
cient hydrodynamic solver are key elements throughout the strategy to find the 
design parameters of the thrust bearing. The new design of the thrust bearing 
and the whole chain of computational tools are verified by technical experiments 
in real turbocharger operating states. The applicability of the strategy is demon- 
strated by the new bearing design leading to savings in friction losses of 
approximately 20%. 


1 INTRODUCTION 


Mechanical efficiency is an important parameter for achieving a high overall turbo- 
charger efficiency and hence the efficiency of the internal combustion engine (ICE). 
Turbocharged ICEs are often operated in steady-state or transient-state operating 
regimes and they are specifically designed for these regimes. There are applications 
where very transient operation with fast ICE response to varying power requirements 
is required. In this case, it is appropriate to design the ICE for transient operating 
regimes and this also requires increased emphasis on the mechanical efficiency of the 
turbocharger (TC). 


The TC comprises a rotor, which is basically a shaft with turbine and compressor 
wheels mounted most often in a thrust bearing and a pair of journal bearings. The 
journal and thrust bearings significantly affect the mechanical efficiency and thus the 
overall efficiency of the TC. TC rotor bearings generally operate in a wide variety of 
transient states. It is known that journal bearings fundamentally affect rotor move- 
ment with a great impact on the rotor stability. Many studies have focused on the 
determination of mechanical losses in TCs and in detail on hydrodynamic bearings. 
The hydrodynamic bearings have been studied, for example, by Deligant et al. [1] and 
the thrust bearing have been found to have a greater impact on friction losses than 
the journal bearings. Hoepke [2] also analysed the friction losses of the TC of the pas- 
senger car ICE and determined the friction loss ratio of the thrust bearing at approxi- 
mately 38%. 


A thrust bearing, which mainly affects the axial movement of the rotor, can have 
a great influence on the lateral vibrations of the rotor. Some researchers [3][4] 
present a significant influence of the thrust bearing on the rotor dynamics. Their 
finding is that the thrust bearing can affect critical speeds and can have 
a positive effect on rotor stability. Vetter [5] shows that the thrust bearing 
mainly affects the conical shapes of the rotor vibration. The thrust bearing also 
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has a significant effect on the flow of lubricant through the TC. Novotny et al. 
[6] present a study of the dynamics of the TC rotor of the heavy-duty 
ICE. The results show that the lubricant flow rate through the thrust bearing can 
be several times greater than the lubricant flow rate through the journal 
bearings. 


A traditional design of components consists in changing only a few parameters and 
subsequently in verification by computational modelling tools or technical experi- 
ments. However, these approaches are beginning to conflict with the limitations 
imposed by the designer's ability to understand the impact of different parameters on 
different types of results. Parametric studies represent a certain qualitative step for- 
ward and may be a partial improvement, but still do not allow the assessment of the 
impact of multiple parameters. 


The solution may be the use of optimization methods enabling multi-parametric opti- 
mization of components or machines. These approaches look very promising. But in 
the case of practical tasks due to the consideration of many parameters in the ana- 
lysis, the length of the computational time can be a problem. This approach must be 
complemented by an efficient computational model that maintains sufficient physical 
depth while being acceptable in terms of computational complexity. 


2 AIM OF THE WORK 


An optimal design of the thrust bearing with significantly better performance is the 
aim of the work. This optimal design of the thrust bearing is conditioned by the ability 
of the manufacturer to produce it with existing production technologies. 


Thrust bearing performance can be described by several integral characteristics and 
their required change compared to the series version of the bearing as follows: 


The friction loss of the thrust bearing must be decreased by more than 20%. 
The load capacity of the thrust bearing must not decrease. 

The lubricant flow rate must not be significantly higher. 

The bearing lubricant temperature at outlet must not be significantly 
higher. 


The values of the above integral characteristics are influenced by many design and 
operating parameters. A practical problem is the choice of some strategy to analyse 
the effect of individual parameters over a reasonably long period of time with prede- 
fined boundary conditions. 


3 ASSUMPTIONS TO ACHIEVE THE AIM 


3.1 Solution strategy 

Finding the optimal thrust bearing geometry could theoretically be done in a very gen- 
eral way. In practice, however, there are several partial restrictions. For example, if 
optimum bearing design parameters are found, it may not be guaranteed that the 
bearing design can be effectively produced by available manufacturing technologies. 
It is also necessary to consider influences, such as how sensitive the design will be to 
normal manufacturing inaccuracies or how it will respond to exceptional operating 
conditions. 


The proposed solution strategy assumes an application of a sequence of the computa- 
tional and experimental methods, the scope of which may partially overlap. These 
overlaps increase the verification rate of the results. This solution strategy also brings 
some loss of generality and undoubtedly requires a certain level of practical 
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experience with the problem. The proposed strategy graphically depicted in Figure 1 
contains the following steps: 


a) A definition of the criteria for evaluating the problem. 

b) Evaluations of the typical TC operating conditions and analysis of the serial 
version of the thrust bearing including the TC rotor dynamics. 

c) Optimization of the thrust bearing parameters utilizing genetic algorithms and 
an efficient computational numerical model. 

d) Verifications of the new design of the thrust bearing using computational 
approaches for steady and transition states and an experimental verification 
of the thrust bearing prototype. 
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Figure 1. Graphical illustration of the solution strategy including consider- 
ation of reality, selection of criteria, initial analysis of bearing conditions, 
optimization process and verification of the new design of the thrust bearing. 


3.2 Selection of thrust bearing concept and operating conditions 

The thrust bearing of the TC (Figure 2a) is divided into thrust and counter-thrust sides 
(Figure 2b), each side is divided into several segments (Figure 2c). Every segment 
transmits forces through a suitably shaped working surface. The axial load on the 
bearing in most operating regimes points from the turbine to the compressor and 
loads the thrust side. The counter-thrust side, although mostly almost unloaded, is 
a source of considerable mechanical losses and significant lubricant flow rate. 


The thrust bearing under consideration is a component of the TC operating in weakly 
transient operating modes. However, for simplification, there is chosen a defined 
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number of steady-state regimes (nwg) represented by TC rotor speeds (n;), axial forces 
(Faxi), inlet oil pressures (pi,;) and inlet oil temperatures (Tini), where i = 1,2, ..nyg. 


Compressor Turbine 


a) Thrust bearing location 


Thrust Counter-thrust 


b) 


b) Thrust bearing detail c) Thrust bearing segment 
Lubricant Working surface 

Lubricant 

outlet 


thrust ring 


Lubricant 


outlet groove land taper 


Lubricant 


lubricant outlet 


gap c) 
oil groov: 
shaft thrust Lubricant 


collar inlet 


Figure 2. Thrust bearing location in the TC (a), detail of thrust bearing in sec- 
tion (b) and arrangement of the work surface on one bearing segment (c). 


Searching for a bearing design using optimization methods needs some degree of sim- 
plification. In general, optimization methods are always limited in some way by 
boundary conditions. Therefore, it is necessary to choose a bearing concept. The bear- 
ing concept requires an arrangement definition of the working surface on segments 
both the thrust and counter-thrust sides. The selected concept of the working surface 
is presented in Figure 3 and includes two angle parameters and four length param- 
eters for the bearing segment. These parameters thus clearly define geometrically the 
working surface. 
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groove 


Figure 3. Schema presenting the selected concept of the working surface 
arrangement on one bearing segment. 


3.3 Effective computational model of the thrust bearing 

A computational model for bearing performance evaluation calculating integral char- 
acteristics is a key part of the proposed strategy. The model is selected according to 
the ability to 


e describe the liquid-gas mixture flow in the thrust bearing, including the influ- 
ence of cavitation, 

e solve quickly the steady state regimes, lasting a maximum of seconds, 

e include the effect of temperature and shear rate on fluid properties and 

e include geometric features such as bore outlets, grooves, chamfers, etc. 


The chosen computational model meeting the proposed abilities uses the principles 
presented by Novotny and Hrabovsky [7]. The model is based on the generally known 
theory of thin lubricating layers with correction of the influence of lubricant tempera- 
ture, inertia forces and turbulence. This theory assumes that the hydrodynamic pres- 
sure in the thin lubricating layer is invariable through the thickness of the lubricating 
layer and that Newtonian fluid adheres to the surfaces. The fluid flow is laminar (with 
subsequent turbulence correction) with negligible inertial forces compared to viscous 
forces. It is also defined that fluid density and viscosity are constant throughout the 
lubricant volume. Most of these prerequisites are fulfilled for typical hydrodynamic 
bearings, but some are not, especially the condition of constant lubricant properties, 
which are generally spatially dependent variables. However, the literature, for 
example [6][7][8], shows that, despite these contradictions, the theory of thin lubri- 
cating layers can be used for most bearing lubrication regimes. 


The solution of the lubricant flow in the thrust bearing is characterised by the distribu- 
tion of hydrodynamic pressure in the lubricating layer (p,) and the average tempera- 
ture rise of the lubricant through the bearing (47,). Integral characteristics that need 
to be calculated based on the hydrodynamic pressure are the bearing capacity (Fa), 
the outlet mass flow rate (m,), the friction moment (Mr). Equations for calculations of 
the integral characteristics can be found in [7]. 


The computation for one bearing operating state requires a solution of the force equi- 
librium of external axial loads and the reaction forces on both sides of the thrust 
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bearing. All forces are added in nonlinear force (fN) in discrete time step k (or also 
steady state load step) generally as a function of bearing relative eccentricity (£) as 


SNL as Fax ai Futse(€) = Fuats (E) (1) 


Fx is a total axial force on TC rotor considering gas pressures on compressor and tur- 
bine wheels for a defined steady-state operating regime,Fus; is the load capacity of the 
bearing thrust side and Fy; is a load capacity of the bearing counter-thrust side. Rela- 
tive eccentricity is defined as follows 


ap (2) 


Cax 


Symbol cax = hots + hoas is a thrust bearing axial clearance as one of main bearing design 
parameters, hos is the minimal thickness of lubricating gap on thrust side and hoas is 
the minimal thickness of lubricating gap on counter-thrust side. A conventional 
method using Newton's second law [9] is applied to compute axial forces based on the 
measured pressures upstream and downstream the impellers. 


3.4 Application of genetic algorithms for optimization of thrust bearing 
parameters 

The issue in bearing design is to find the optimal values of many design and operating 
parameters, i.e. from the mathematical point of view, to find the global maximum of 
the objective function. This problem is solved by an optimization algorithm that uses 
an efficient thrust bearing model [7] to express integral characteristics (load capacity, 
lubricant flow rate, friction moment, lubricant temperature rise) and finds optimal 
values for selected parameters. The optimization algorithm requirements are as 
follows: 


e Efficiency in multidimensional space search for global maximum. 
e Ability of parallel execution of computations on multiple processor cores. 


In the case of the proposed strategy, a genetic algorithm (GA) is chosen for opti- 
mization. GA is a heuristic method that by applying the principles of evolutionary 
biology finds solutions to problems for which there is no applicable exact algo- 
rithm. GA belongs to a group of so-called population-based metaheuristic methods 
that works with more than one potential solution. The principle of evolution is dir- 
ectly related to a certain degree of stochasticity, which plays an important role in 
the algorithm and serves to escape from local extremes. The advantages of the 
genetic algorithm include simplicity of its implementation, autonomy of the algo- 
rithm, high probability of finding a solution lying near the global extreme and high 
independence on the type of problem solved [10] [11][12]. The disadvantages 
include a relatively high number of fitness function evaluation, i.e. hydrodynamic 
solutions, and an exponential increase in the size of the searched space depending 
on the number of optimized parameters. 


GA uses fixed terminology by default. In the case of hydrodynamic thrust bearing 
lubrication, each solution (individual) is represented by an ordered set of design 
parameters (genotype) that characterize the solution. Integral characteristics (fit- 
ness) are calculated for each solution in the transition to the new generation of 
bearing designs (population). The algorithm looks for global extreme of fitness 
function. The value of the fitness then expresses the quality of the individuals. 
According to this fitness values, individuals who are modified by genetic operators 
- selection, crossover and mutation - are stochastically chosen to create a new 
population. 
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Iteration i 


Evaluation 1. . 2. . 3. . 
Tournament selection Reproduction Mutation 


Figure 4. Diagram showing the realization of operators within one iteration 
and leading to finding a new generation (new group of hydrodynamic 
solutions). 


In order to optimize the geometry of the thrust bearing working surface, the genetic 
algorithm model using elitism [13] is created and used. In this model, during each 
iteration, a new population of individuals is formed while maintaining a predetermined 
proportion of the best individuals of the previous generation (elite individuals). The 
use of elitism does not potentially lose a given percentage of the best solutions, thus 
ensuring a monotonically increasing sequence of maximum fitness values in each 
population. 


Tournament selection [14] is applied as a selection operator, which does not create 
such a high selection pressure that could lead to a loss of diversity in the population 
and to the possibility of being trapped at the local extreme. 


The crossover operator, which is applied after the selection operator is applied to the 
selected individuals and is responsible for combining the genotypes of these individ- 
uals to create new individuals and gradually the whole new population. Combining two 
individuals with a high fitness function is expected to give new and different individ- 
uals containing quality genotypes inherited from their parents. 


The third operator is a mutation in which the genotype is randomly modified. Because 
too frequent mutation can lead to the loss of quality genes, this operator is only per- 
formed with a relatively low probability. In the optimization presented in this paper, 
the probability is inversely proportional to the magnitude of the searched space, i.e. 
the number of genotypes [15]. 


The search for optimal parameter values begins with a random selection of the param- 
eter values and operator applications. Once these operators are done, the iteration is 
completed, and a new generation of individuals is created. A schematic of one iteration 
is shown in Figure 4. This process is iteratively repeated, thus increasing the quality of 
individuals in the population. The algorithm usually stops when sufficient (defined 
level of solution quality) solution quality is achieved, or after a predetermined number 
of iterations. 
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3.5 Virtual prototype of the turbocharger 

The thrust bearing parameters are optimized for steady state regimes of TC. However, 
the TC often works even in transient states with time-variable external loads, so it is 
necessary to verify the bearing performance even in these transient operating 
regimes. The computational model allowing the solution of transient states, i.e. gener- 
ally time dependent nonlinear model, requires a somewhat different approach. For the 
purposes of this strategy, a higher-level computational model, the so-called virtual 
turbocharger, is used. 


Virtual turbocharger a) Component models 


FEM based flexible shaft & 
FEM based flexible 

housing 

Rigid body models of 
wheels 

Point mass models of 
unbalance weights 


Fully floating ring bearing 
hydrodynamic model 


c) External loads 


* Axial force on turbine calculated based on turbine 
inlet/outlet pressure, temperature and gas mass 
flow 


= Axial force on compressor calculated based on 
compressor inlet/outlet pressure, temperature 
and gas mass flow 


Figure 5. Graphical representation of multibody computational model. The 
model includes component models (a), sub-model of bearings (b), con- 
strains and external loads (c). 


The virtual turbocharger is a multi-physical turbocharger computational model built in 
a multibody dynamics software environment. This model is generally a three- 
dimensional (3-d) formulated in a time domain and includes sub-models of bodies of 
different levels. The body models are a mass point model used for unbalance, a rigid 
body model used for non-deformable bodies, or a 3-d model and TC housings. A rotor 
shaft requires to include elasticity and therefore 3-d flexible models are used. The 
3-d flexible models of components are based on reduced finite element (FE) models, 
using component mode synthesis (CMS) according to Craig [16]. The interaction 
between the rotor and housing is solved using specialized sub-models of bearings. The 
radial bearing computational model used for transient simulations is described by 
Novotny et al [6] and a similar thrust bearing computational model can be found in 
Novotny et al [17]. The axial load of the rotor is calculated based on the measured 
pressures and temperatures upstream and downstream of the turbine and the com- 
pressor according to the procedure described by Nguyen-Schafer [9]. The graphical 
representation of the virtual turbocharger is shown in Figure 5. 


The virtual turbocharger is being used for simulations of TC rotor transient oper- 
ating states. For this case, the rotor speed is increased up to the maximum speed 
of the TC over defined time period. The hydrodynamic bearing sub-models include 
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a database of reaction forces in the lubricating layer. This database is created by 
separate hydrodynamic bearing lubrication solutions according to the method- 
ology presented for radial bearings in [6] and for thrust bearings in [17]. The 
sub-model also includes the calculation of the average temperature rise of the 
lubricating layer, which updates the lubricant properties (dynamic viscosity, dens- 
ity and specific heat capacity) based on actual operating integrals (lubricant fric- 
tion losses and mass flow rate). 


4 RESULTS AND DISCUSSION 


The proposed solution strategy assumes verification of the new bearing perform- 
ance against the serial bearing version in transient operating states of the TC. To 
evaluate the entire bearing, it is also necessary to consider the thrust and counter- 
thrust sides. 


Rotor dynamics simulation using the virtual turbocharger assumes a transient revo- 
lution sweep starting from the minimum to the maximum rotor speed (nmax) of the 
TC and in 10 seconds. The axial load of the rotor is entered directly as a function 
of time. Lubricant properties used for the solution are presented in Tab. 1. Bearing 
performance described by integral characteristics is evaluated relative to the serial 
variant. 


Table 1. Lubricant properties used for calculations. 


Oil pressure at inlet, pin [bar] 2.7 


Oil pressure at outlet, pow [bar] 1.0 


Oil temperature at inlet, Tin [°C] | 80 
Lubricant specification [-] SAE 10W40 


The total friction torque is fundamentally influenced by the thrust bearing, espe- 
cially the thrust side of the bearing. This is mainly due to the prevailing axial 
force in the direction from the turbine to the compressor. The new bearing design 
due to the optimized working surface shows significantly lower friction losses. The 
lower friction losses are also achieved by the reduced outer diameter of the bear- 
ing on the counter-thrust side. In principle the counter-thrust side assumes the 
negative bearing load capacity and an outer diameter reduction is a positive 
change. On the other hand, the reduced working surface diameter on the coun- 
ter-thrust side leads to a certain increase in the lubricant flow rate, especially at 
lower operating speeds, in which the inlet pressure influence prevails. Compari- 
sons of the relative friction torques and lubricant flow rates determined by the 
virtual turbocharger over the entire TC speed range is presented in Figure 6. The 
relative friction torque (Mr) is related to the friction torque of the serial version 
(Mg) by equation M; = M;/Mg. Similarly, the relative lubricant flow rate of the TC 
(m,) is related to the flow rate of the serial TC (m,,) by equation m, = mp/mg. Rela- 
tive rotor speed is related to the maximal rotor speed of the TC by relation 
ñ= n/nma, Where n is a rotor speed. 
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Figure 6. Computed relative friction torques of journal and thrust bearings 
and relative lubricant flow rates of the TC for the serial version of the thrust 
bearing (Serial) and for the new version of the thrust bearing (New). 


The results of the computational model of both bearing versions show approximately 
20% savings in friction losses. However, computational methods assume certain sim- 
plifying assumptions when describing a given physical problem. Therefore, in technical 
practice, the factor that then determines the correctness of the design is a technical 
experiment. 
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Figure 7. Overall power losses of the TC driven by compressed air determined 
by technical experiments on the serial version of the thrust bearing (Serial 
exp.) and the new version of the thrust bearing (New exp.). 


An experimental verification on the TC in so-called cold operation regime is 
chosen to verify the new bearing design. The turbine is driven by externally sup- 
plied compressed air and thus the turbine side of the TC is not heated according 
to standard operating regimes. In this way, the power losses of the lubricating 
system can be determined with a certain error by measuring the temperature of 
the lubricant at the inlet and outlet. Compared to the normal operating regimes, 
the heating component is missing due to heat transfer from the surrounding 
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bearing walls. A certain disadvantage is the limitation of the maximum speed of 
the TC, as often a sufficiently powerful source of compressed air is not necessary 
to turn the TC to maximum speed. Overall power losses of the TC are presented 
in Figure 7. A comparison of experimentally and computationally determined rela- 
tive power savings is shown in Figure 8. Finally, relative savings in friction losses 
of the TC over 20% are archives. 
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Figure 8. Relative savings in power losses determined by the virtual turbo- 
charger computations and technical experiments. 


Experimental results have proved the significantly better performances of the new 
thrust bearing compared to serial one. The friction losses are reduced more than 
chosen criteria. Probably slight differences in results can be expected for standard 
operating regimes, but overall tendencies should be maintained. 


5 CONCLUSIONS 


The developed solution strategy is designed to allow the assessment of the impact of 
many design and operating parameters on thrust bearing performance. The optimal 
parameter values are found by means of GA incorporating the efficient computational 
model of the thrust bearing. The results of the computations and technical experi- 
ments proved the applicability of this solution strategy not only for the selected oper- 
ating states, but also for the whole range of operating regimes of the TC. 


The solution strategy also shows some limitations. This is mainly a limitation in the 
selection of the thrust bearing concept of the working surface arrangement and its 
parameterization. Genetic algorithm searches only given parameterized concept, no 
other variant is considered during optimization. As a result, it is necessary to carry out 
a study of various conceptual solutions by CFD tool for example and then optimize the 
selected concept. 


The optimization algorithm computes the integral characteristics using an efficient 
thrust bearing model. However, this effective model also has its limitations, as stated 
by Novotny and Hrabovsky [17]. As a result, the selected description is only suitable 
for thin lubrication gaps and exhibits high inaccuracies in the case of thick thicknesses 
described e.g. by high Reynolds numbers. These limitations follow the chosen lubrica- 
tion theory not to correctly describe 3-d nature of unsteady lubricant flow and heat 
transfer in the thrust bearing. 
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ABSTRACT 


A fluid lubricated bearing model is derived for operation under extreme operating con- 
ditions, including velocity slip boundary conditions appropriate for very small bearing 
face separation and retention of centrifugal inertia effects. Both compressible and 
incompressible Reynolds equations are formulated to model the fluid film and the fluid 
flow characteristics are examined for the steady state case. 


Coupling the fluid flow to the bearing structure, where the rotor and stator are mod- 
elled as spring-mass-damper systems, allows the dynamics to be examined when the 
bearing is subject to an external harmonic force. This replicates forces the bearing 
may be subject to when situated within a larger complex dynamical system. 


1 INTRODUCTION 


Fluid lubricated bearing and seal technology comprises two structural components; 
namely a rotor and stator, which are separated by a thin fluid film that experiences 
relative rotational motion. The set up is of a thrust/axial bearing with radial flow and 
this type of technology is also described as non-contacting, gas-lubricated or film- 
riding and those containing an air film termed air-riding seal. Next generation bearing 
and seal technology aims to provide a considerable improvement in efficiency for 
applications characterised by higher rotational speeds and smaller operating clear- 
ances, possibly down to the order of several microns. 


To completely capture the dynamics of a fluid-lubricated bearing, the fluid flow and 
bearing structure need to be appropriately coupled together. If an external axial force 
is imposed on the bearing, a hydrodynamic force is typically generated by the normal 
motion of the faces, enhancing the local fluid film pressure, causing the fluid film to be 
maintained. Etison modelled a fluid lubricated device, identifying the hydrodynamic 
and hydrostatic components of the air film pressure and showed that the squeeze film 
behaviour (incorporated in the hydrostatic component) was potentially able to main- 
tain the air film between the rotor and stator [1]. For highly vibrating operations, 
Salbu examined the effect of significant axial disturbances by describing the rotor- 
stator clearance with oscillatory motion and confirmed squeeze films have a load 
carrying capacity [2]. The dynamics of a coupled high speed air lubricated bearing 
were examined by Garratt et al., where the effects of centrifugal inertia were retained 
and one bearing face underwent small prescribed amplitudes, and the other 
responded to the induced film dynamics [3]. 


The effect of non-parallel faces, which can arise through design (to enhance perform- 
ance) or operation (due to over pressurisation) has been investigated. Stability stud- 
ies have identified optimal coning angles for a range of practical bearing 
configurations [1] and the effect of the bearing geometry on the ability to maintain 
a fluid film thickness has been investigated [4-7]. 


The effects of compressibility on the bearing dynamics has been examined by Parkins 
et al. through comparison of experimental results and a coupled model for an oil 
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squeeze film bearing, showing limitations in the model due to neglecting compressibil- 
ity effects [8]. Conditions for compressibility effects to be neglected for bearing flow 
have previously been derived by Bailey et al. showing compressible flow in the bearing 
behaves as if it were incompressible flow for sufficiently small radial and azimuthal 
speeds [5]. 


The importance of very thin fluid film analysis for bearing/seal dynamics has been 
highlighted by Sayma et al. [9], where steady-state solutions to the system of Navier- 
Stokes equations with no-slip boundary conditions for gaps of the order of 10 microns 
or less are not possible to be found. This gap is typical of some hydrodynamic seals, 
resulting in the flow having a high Knudsen number, K, = Aho, with 2 as the mean free 
molecular path and fo the characteristic fluid thickness. Therefore, due to surface 
related phenomena becomes increasingly dominant, a slip flow condition could 
emerge as a consequence of an insufficient number of molecules in the sampling 
region [10]. In this slip flow regime, 107? = Kn < 1071 a continuum model with a slip 
boundary condition is usually employed, opposed to typical consideration of 
a continuum flow with no-slip boundary conditions for Kn < 1073. 


a 


earing 


Figure 1. Schematic of a parallel axisymmetric fluid lubricated bearing in 
a cylindrical polar coordinate system (70,2), with pressures imposed at the 
inner and outer radii; p; at? = ^ and p, at? =7,, respectively. The rotor has 
relative angular rotation © with axial height h,, whereas the stator height is 
hss giving the rotor-stator height as /. 


Navier proposed a first order slip model which was based on a linear relationship 
between the tangential shear rate and the fluid-wall velocity difference. The jump vel- 
ocity at the wall is linearly proportional to the first order derivatives of the fluid velocity 
with the proportionality constant being the slip length [11]. Park et al. considered 
a non-axisymmetric bearing with slip flow, using a classical Reynolds equation for the 
gas flow with both slip and no-slip conditions examined [12]. Coupling to the bearing 
structure, small axial amplitude rotor displacements were examined showing a slip 
condition is associated with a smaller load carrying capacity and decrease in fluid stiff- 
ness and damping coefficients. Higher order slip models have also been used when 
studying a coupled gas journal bearing, showing similar trends [13, 14]. 


In Section 2 the model geometry is presented, the formulation of the fluid flow gov- 
erning equations for compressible and incompressible flow is presented in Section 3 
and the fluid flow characteristics are examined in Section 4. The structural model is 
given in Section 5, where the axial stator and rotor displacement equations are mod- 
elled as spring-mass-damper systems, and an external harmonic force can be 
imposed on the rotor. Solving the coupled model of a compressible flow bearing 
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requires the modified Reynolds equation to be solved simultaneously with the struc- 
tural dynamic equations, with the different numerical schemes presented in Section 6. 
Dynamics results are presented in Section 7, showing the differences between 
a compressible and incompressible flow approximation. 


2 MODEL GEOMETRY 


Due to industrial bearing and seal designs being complex, a simplified mathemat- 
ical model is formulated through retaining key features of the fluid lubricated 
bearing geometry, which is an axial/thrust bearing with radial flow. A parallel 
rotor-stator configuration is shown in Figure 1 in a cylindrical polar coordinate 
system (7, 0,2) where the rotor and stator are modelled as a pair of coaxial axisym- 
metric annuli separated by a thin fluid film. The stator and rotor are mounted flex- 
ibly to a stationary housing and high speed shaft, respectively, allowing them to 
have axial motion in response to the film dynamics; the rotor has a relative angu- 
lar rotation 2. The stator height is denoted by h, and the rotor by h,, giving the 
rotor-stator height as 4=h,—h, . A pressure gradient can be imposed across the 
annuli through setting a pressure at the inner and outer radii; p; at f =f; and P, at 
F=F,, respectively. This replicates the bearing being subject to the conditions of 
the wider system that it is placed within. 


A radial taper on the rotor is incorporated into the model, denoted by #, which may 
arise due to over-pressurisation of the bearing. A schematic of this geometry is shown 
in Figure 2, together with an external axisymmetric harmonic axial force N(t) imposed 
on the rotor, which may arise due to the dynamics in bearing surroundings. The rotor 
and stator will move axially in response to the external force/induced film dynamics 
with displacements modelled using spring-mass-damper systems. The rotor height 
will also be a function of radial taper angle and radius with definition 


hy (7.2.2) =A- C-A) for B>0, or ACBD = hy () — C —7,)B for B<0 (1) 


The positive and negative radial taper angles are separated due to it being assumed 
they arise due to over-pressurisation of the bearing. Therefore, internal pressurisation 
(p1>Po) Will result in a positively radial tapered bearing (PTB) and external pressurisa- 
tion (p;<p,) a negatively radial tapered bearing (NTB). Thus, the pressure gradient 
corresponds to a diverging channel. 


Figure 2. Schematic of an axisymmetric radial tapered fluid lubricated bear- 
ing experiencing an axisymmetric axial force NÒ in cylindrical polar coordin- 
ate system (F, 6,z). The radial taper angle of the rotor is represented by £. 


445 


3 FLUID FLOW MODEL 


Both compressible and incompressible flow models have been used to model the fluid 
film depending on the applications and operation of a bearing or seal. Both flow 
models are derived to examine the differences in fluid flow characteristics and full 
coupled dynamic behaviour. Conditions under which compressibility effects can be 
neglected have been derived [5], showing that when the conservation of mass 
reduces to the statement of solenoidal velocity field, i.e. for sufficiently small radial 
and azimuthal speeds, compressible flow behaves as if it were incompressible flow in 
a fluid lubricated bearing. 


The fluid flow models are derived from the Navier-Stokes momentum equations and 
conservation of mass equation in cylindrical polar coordinates; it is assumed to be iso- 
thermal flow. The governing system of Navier-Stokes equations for the fluid flow are 
expressed in dimensionless variables in terms of rotor velocity OF, outer bearing radius 
ho, typical pressure p, time scale T and unperturbed air density / Po. The equilibrium 
rotor-stator height ho is taken to be the equilibrium position when no external forces 
are acting, but the rotor has angular rotation, and has a value of 5 x 107$ m; several 
orders of magnitude larger than the mean free path of air, T= 6.8 x 10-8 m. However, if 
experiencing an external force with a significantly large amplitude, the thickness of the 
fluid film may become comparable to the mean free path of a fluid molecule, thus 
reaching the limitations of the continuum limit model. Therefore, slip effects are 
included on the fluid-solid interface through the velocity boundary conditions, giving 
the fluid flow in the slip regime as characterised by 10-3 < K, =A/ho < 107. 


Dimensionless velocities are given by /U, >/(Q)) and w/(fo7~!) and the dimensionless 
pressure, height and radius are taken to be p = p/P, z= 2/ho and r =7/7, respectively. 
The dimensionless slip length is given by /, = Ì/ħhọ and the density by p = f/f; note in 
the case of incompressible flow J=, . The imposed pressures are scaled by 
pi = p,/Pand p; = p,/P and the inner and outer radii as a = ĉi /° and 1, respectively. The 
dimensionless stator and rotor heights are denoted by h, = Î,/ħ and h, = h,/ho and the 
rotor-stator height by h = h,/h, . 


The radial taper angle is assumed small, such that sinB = 0(60) and cosf = 1 + o(ôo) 
resulting in the scaling B= Bôo with B= = o(1) ensuring that the lubrication condition still 
holds. This produces a dimensionless rotor height of 


h,(r,B,t) =h,(t) —(r—a)B for B>0, or h,(r,B,t) =h,(t) — (r—1)f for B<0, (2) 
with dh,/or = —B. 


The associated radial Reynolds number and Reynolds number ratio Re* are given, 
together with the aspect ratio ô and Froude number Fr, respectively, as 


Uh, h 
Rey = pti Re == so !, ôo =| and Fr ‘ (3) 
v r “A 


where g denotes the acceleration due to gravity and v = /p, the kinematic viscosity. 
For thin fluid film bearings 69<<1, and a lubrication approximation is used. The 
importance of the gravitational effects relative to the radial inertia are described by 
the Froude number Fr, however, gravity can be neglected if ReydyFr-? < <1, which is 
consistent with the lubrication theory provided the Froude number is O(1). Due to the 
reduced Reynolds number Reyôo< <1, classical lubrication theory neglects inertia. 
However, the effects of viscosity are retained at leading order as high speed operation 
is considered which means the ratio of the Reynolds numbers (Re*)’ is not always 
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negligible and must be considered. The pressure is scaled as Ê = pi'yl//ho', to ensure 
the effects of viscosity are retained at leading order. 


Applying a lubrication condition, and the stated assumptions, to the compressible 
Navier-Stokes momentum equations together with the conservation of mass equation 
and equation of state, results in the leading order equations 


pi ép @u ev õp op 120 
Pe Or! a2’ az’ az? a 


+2 oi) +Z pw) =0 P=Kp A 
The dimensionless ideal gas constant is defined by K, = RT ho /(vé) JM) and connects 
the pressure and density field; R, M and To are the ideal gas constant, molar mass and 
fluid temperature respectively. The speed parameter is defined by 
2 = Reydo(Re*)” = roho & /(vU) and the classical lubrication equations for compressible 
flow in axisymmetric cylindrical coordinates are retained when 4=0. Letting 


o = ho /(vÎReuôo) be of O(1), implies (fo v)/7 in the derivation has to be of o(ô). Thus, 
the time scale of the flow field 7 must be much slower than the time scale for the vorti- 
city to diffuse over the film thickness fy; = fo /v . 


Similarly, the incompressible Navier-Stokes momentum equations together with the 
conservation of mass equation are derived and given by 


v op eu @U õp 10 Ow 
ie pe ps = L” o. 5 
r or om? a at ope te (5) 


A first-order Navier slip model is implemented, in which the velocity boundary condi- 
tions comprise of tangential components where continuity of the velocity across the 
fluid-solid boundary is modified by a slip condition induced by the wall shear, combined 
with a normal component of a no flux condition. To leading order the dimensionless 
velocity boundary conditions are 


ou Ov dh; 
u I—, v l—, w atz = hs, 
oz Oz dt (6) 
u=], ĉi v=r+l, ù w Chis Rens up at h 
Ssa VO Tsa Va x ERN 


In equation (6), /; is a dimensionless slip length and proportionality constant between 
the fluid velocity components tangential to the wall and the wall shear stress [6]. The 
limiting cases of /; — œ represents a total slip model denoting a zero tangential wall 
fluid shear rate and /, = 0 represents no-slip conditions. 


The dimensionless pressure boundary conditions are defined as 


p=pl atr=a, and p=po atr=1. (7) 


The fluid flow velocities derived from a compressible flow model are readily found from 
the leading order Navier-Stokes equations (4), with the radial, azimuthal and axial 
velocities given by 
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2 or 
Apr 2 2 2 
z—h,)(z — hs) (2 + (h, — 3hs)z + 3k — 3hsh, + k? 
12K.(h+ 21s} (( ) X+ ) ) 
+1,((z —hs)(—4(z — hs)? + 6h?) — h°) + P(6(z — hs) (z — h,.) — 6h) — 6AB, 
r 
(eran) 7 Bs T) 
10 1 Of @ 3 3 (8) 
_ hl, 
w pat G h,)p) [opr Gr (a (2(z — hy)” — 3(z — h.) h — 6(z — hy) D) 
A ð pr 


+ 2(z —h,)° — 10(z — h,)*h + 20(z — h, h — 15(z — h, h 
1200K,pr ôr amy?” ) (z — hy)"h + 20(z — hy) (z= h) h’) 


+ 10/,(—(z — h,)* + 4(z — h, Y h — 3(z — hY — 3(z — h,)h?) 


+ 107 (2(z —h,)? — 3(z —h,)?h — 6(z — h,)h?) + 108 (—6z son) 


where dependence on the radial taper angle is implicit through expressions the rotor 
height h, and rotor-stator height h. Removing the terms in blue results (pressure 
terms and ideal gas constant) in the velocity equations (8) gives the corresponding 
equations for incompressible flow. 
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Figure 3. Pressure and velocities at z = 0.5 for a) compressible and b) incom- 
pressible flow for increasing magnitude of radial tapered bearing 0 < £ < —0.3; 
a=0.8,A = 0.005, o = 1, a = 1.5, I; = 0.01, K,=1,K,=12, 

Da= 1.5, pr = 1 and po = 2. 


Integrating the conservation of mass equation in equation (4) between the stator and 
rotor, applying the Leibniz integral rule and slip velocity boundary conditions (6), 
results in the modified Reynolds equation for compressible flow as 


ô à @ (213 + 371, +7hl? + 61,° 
© (oh) Be (or 2a +61) + (ez Cio V0. ©) 


12orôr "ar 12K,or ôr (h+21,)° 
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Similarly, dependence on the radial taper angle is given implicitly in the rotor-stator 
height h. The corresponding Reynolds equation for incompressible flow is obtained by 
removing the terms in blue. For the traditional no-slip velocity condition, the slip length is 
equal to zero /s = 0 and in the case of zero speed parameter A = 0, the centrifugal effects 
are neglected, however the rotor and stator still experience relative rotational motion due 
to the velocity boundary conditions. 


In the case of incompressible flow, an analytical solution to the Reynolds equa- 
tion subject to the pressure boundary condition (7) can be obtained, see [6] for 
full details. However, in contrast for the case of compressible flow, the solution 
is not easily available and it is usually necessary to utilise to numerical 
techniques. 


4 FLUID FLOW BEHAVIOUR 


The fluid flow behaviour of the thin film can be investigated when the bearing is in its 
steady state; the stator and rotor are axially fixed in their equilibrium position, but the 
rotor has constant azimuthal velocity. Results are presented for an externally pressur- 
ised bearing, with the stator fixed at 4,=1 and rotor being parallel or a NTB, 
h, = —(r—1)6 due to it being assumed that the radial taper arises due to over- 
pressurisation. 


The pressure across the bearing radius and the velocity values approximately half- 
way between the rotor and stator, at z= 0.5, are shown in Figure 3 for both compress- 
ible and incompressible flow in the case of increasing magnitude of radial tapered 
bearing, with a small speed parameter and slip length. The azimuthal velocities are 
identical for both compressible and incompressible flow which increases from the 
inner to outer radius. The radial taper causes a decrease in azimuthal velocity, which 
is greatest nearer the inner radius. The pressure field is similar for both flow types, 
increasing monotonically from the inner to outer radius, with the radial taper having 
little effect. However, the pressure gradient is significantly different; causing consid- 
erable differences in the radial and axial velocities for compressible and incompress- 
ible flow. The radial velocity increases monotonically from the inner radius across the 
bearing for both flow types with an increasing radial taper causing the flow magni- 
tude to increase. However, compressible flow has an increase of 0.65, whereas 
incompressible flow only increases by 0.1, with a value lying within the range of com- 
pressible flow. The axial velocity for incompressible flow has a significantly larger 
magnitude than compressible flow; both cases have zero value for a parallel bearing. 
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Figure 4. Streamlines for a) compressible and b) incompressible flow for 1) 
Acc = 12.841 and 2) Ai = 18.5264; B = 0, a = 0.8, = 1, a = 1.5, /, = 0.01, 
K,=1,K,= 12, D, = 1.5, pz = 1 and po = 2. 


The mass flux of fluid through the bearing is given by 


2n hs 


Olr, à, ls) =f fw dzd0 
0 hy 
(10) 


i ô 
Qn dor 5 € 43h l, + Thl? 4 si?) LP i (h + 6l) 
12K,(h + 21,)° \10 26r 


The radial path of the fluid flow through the bearing is given by the streamfunction y, 
defined by, 

1 ôy 1 ôy 
Kspr 62’ = oK,pr Or (11) 


resulting in 


tlr, h2) = Y ag hp)? — 3(z — Ah — 6(z — iy hl) 


p (2(z —h,)° — 10(z — h,) h + 20(z — hy)? k? — 15(z — h,)?h’) 
120K,2(h + 245} i á í : (12) 
+ 10/,(—(z — h,)* + 4(z — h) h — 3(z — h)? h? — 3(z — hh?) 
+ 102 (2(z — h,)? — 3(z — h) h — 6(z — h,)h?) + 10B (—6(z — h,)h)), 


using the radial and axial velocity, given in (8). 
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Using the mass flux equation (10), a critical speed parameter can be calculated 
which gives a net mass flux of zero at the outer radius of the bearing. This arises due 
to the rotation of the rotor forcing fluid to the outer radius, but the external pressur- 
isation forcing fluid to the inner radius. For compressible and incompressible flow, 
these are found to be A,, = 12.8415 and A,; = 18.5264, relatively. Figure 5 shows the 
streamlines for a parallel bearing with compressible and incompressible flow for the 
two critical speed parameters. In the case of compressible flow with Acc = 12.8415, 
there is not net mass flux at r = 1, where fluid flows into the bearing near the stator 
and recirculates, before flowing out near the rotor. For the same speed parameter 
but an incompressible flow assumption, fluid flows from the outer radius to inner 
radius only, with a mass flux of —0.719. When the speed parameter Àq = 18.5264 is 
used with incompressible flow, a zero net mass flux is achieved with a similar trend 
to the compressible flow with Acc but with greater amounts of fluid passing through 
the bearing. Examining the compressible flow with Ac gives a small amount of flow 
entering the bearing at r = 1 near the stator, which the exits the bearing at the outer 
radius after recirculating. A larger amount of fluid passes through the bearing from 
the inner to outer radius giving a net mass flux at the outer radius of 0.582. 


0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 
y r F 


Figure 5. Streamlines for compressible flow with a) parallel faces £ = 0 and 
no-slip condition |, = 0, b) radial tapered faces B = —0.3 and no-slip condition 
Is = 0 and c) radial tapered faces B = —0.3 and slip condition /, = 0.2; a = 0.2, 

Acc = 4.81569, = 1, a = 1.5, Ks = 1, KZ = 12, Da = 1.5, pz = 1 and po = 2. 


The effect of a radial tapered rotor and slip condition on the fluid flow behaviour is 
investigated, with streamlines shown in Figure 5 for a wide annulus bearing with 
compressible flow; parallel faces 8 = 0 and no-slip condition /, = 0; radial tapered 
faces £ = —0.3 and no-slip condition /; = 0; radial tapered faces B = —0.3 and slip 
condition /, = 0.2. The speed parameter is chosen so that there is zero net mass flux 
at the outer radius for case of parallel faces and no-slip condition; note that this plot 
differs from Figure 5a), due to the different annulus width. Including a radial taper 
on the rotor causes the fluid to flow further into the bearing before recirculating and 
exiting near the rotor, but maintains an effective zero net mass flux at the outer 
radius. Additionally, incorporating a slip condition causes some of the fluid to flow 
completely through the bearing near the stator from outer radius to inner, giving 
a net mass flux at r = 1 of —0.0145. 


5 STRUCTURAL MODEL 


To examine the dynamics of a fluid lubricated bearing with an imposed external force, 
the axial displacement of the stator and rotor is coupled to the fluid flow through the 
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axial force imposed from the fluid on the bearing faces. The axial height of the bearing 
faces is modelled using standard spring-mass-damper models incorporating the axial 
bearing pressure variation from the fluid film; it is assumed the rotor and stator have 
identical damping, effective restoring force and force coupling properties. The external 
periodic force imposed on the rotor is defined as N(t) =€ sint, where € is a measure of 
the amplitude of the forcing. The dimensionless tator displacement equation and force 
from the is fluid film F(ż) are given by 


ah, dhs : 
+ Da — + K,(h; — 1) = aF(t), with F(t) = 2a | (p—pa)rar, (13) 


and the rotor displacement equation by 


h, dh, 
t ZSSF: > 3 
J2 + Da di Kh a(F(t) — N(t)) for B>0 
or (14) 
Ph, dh, 
J2 + Da ai + K,(h, — (1 — a)£) a(F(t) — N(t)) for B<0. 


The dimensionless parameters are defined such that p, = p,/P is the reference pres- 


sure, a = v? UReU*?? Jñho bo the force coupling parameter and is the mass of a face. The 
dimensionless effective restoring force parameter and damping are given by, 


K: = K.Rey25y?v°F? ño" and D, = D,ReyoovT /ho’ respectively. 


6 NUMERICAL METHODS 


The modified Reynolds equation (9) is solved simultaneously with the structural equa- 
tions (13)-(14) via numerical techniques for compressible flow. In contrast, for the 
case of incompressible flow, an explicit analytical solution of the corresponding Rey- 
nolds equation for the pressure can be formulated and used in the structural equations 
(13)-(14). Details of the two different numerical schemes are given. 


It is mathematically convenient to de ne the time dependent minimum face clearance 
(MFC) by 


g(t) =A,(t) —h,(t) = hs — e€ sint. (15) 


This gives a parallel bearing having the MFC equal to the rotor-stator height (g(t) = h(t)), 
and a radially tapered bearing having the MFC at the inner radius for a PTB (A(r,8,t) = 
g(t)+(r —a)B) and outer radius for a NTB (A(r,B,t) = g(t) + (r — 1)B). 


Rewriting the compressible governing equations (9) and (13)-(14) in terms of the 
MFC and discretising the Reynolds equation in the spatial variable using a second 
order central finite-difference approximation, allows a stroboscopic map solver to be 
implemented as periodic solutions are sought due to the rotor forcing being periodic. 
The system of coupled first-order ordinary differential equations for a NTB is 
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a Dasz — Kzs(g — 1) — (Das — Dar) Y — (Kes — Ker )hy + Kz-(1 — a)B + (as + ar)Ff — ,N(t), 


= —DjyY — Ka (h, — (1 — a)B) — a, Fy + aN (t), 


dt 
dpi piZ _ (g+ (ri - 1A) (e + (ri - DA + 6ls) 
dt (e+ (ri — DB) ` 120 (16) 
pi+l-pi-1 pit 1? — 2p? + pi — 1? _piri(pi + 1 — pi—1) 
( 4riô, l 2ôr2 i 2406r (BA(g + (ri = IB + Hs) 
A (g + (71 — DA) (= ria? — 2pPer? + pii ri 9 
120K; (g + (r; — 1D) + 24} 2r;ôr? 


(E+ O- DAP +34 = DAPh + Te + (r= DAW? + 642) 
A perrep 


120K, (g + (r; — 1) + 2h)” 


(Fle + (DB! +918 + (7 = DAPh + SNE = DAPI +42(g + (i = DAI +241) 


In equation (16) į = 2: (M —1) are the finite difference collocation points in the Rey- 
nolds equation (9) and the total number of discretization points are denoted by M; the 
pressure boundary conditions impose p; = pr and pm = Po. The fluid force on the faces 
F(t) is approximated by numerical quadrature, with weighting function w;. 


Solutions to the system of equations in (16) are denoted by the vector g(g(t),h-(t), 
Z(t), Y(t),p(t)). The stroboscopic map advances an initial condition go at initial time to 
by atime 7, through integrating the system of equations (16) forward by one period of 
the external forcing; an ordinary differential solver based on a variable-step, variable- 
order solver based on the numerical differentiation formulas is used. The periodic 
solutions are then identified by the fixed points of the map g(t) = g(t+T), which are 
found iteratively through an iterative Newton’s method [7], until a prescribed toler- 
ance is reached, | g(T) — Qo(to) |< tol and thus a periodic solution is achieved. 


For the case of incompressible flow, the solution technique is significantly less compu- 
tationally costly. This is because an explicit analytical solution for the modified Rey- 
nolds equation in terms of the pressure can be found through integration of the 
modified Reynolds equation and application of the pressure boundary conditions (7). 
Substituting the pressure equation into the structural equations (13)-(14) leads to 
a system of nonlinear second-order ordinary differential equations for the face clear- 
ance and rotor height 


dg dg 

We + (Da — 2aB(g, Is)) P7 + K,(g — 1) — 2a4A(g,å, ls) + aN (t) = 0, 

dh dh, | ; dg (7) 
Je | Da di + K,h, + a| A(g,2,ls) + B(g, ls) —aN(t)=0, 
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with 


Aleit) =la a’)(p1 — Pa) + (Po pn ( Jina -1) 
aE + 08h + Bgl? + 201," (: oll 2), 


(18) 


A(g + 6l) (g + 21)” Ina 
m0 (-— a) 
Bg, |, 1—a‘ 4 : 
(8,45) wea a Ina 


Equation (18) identifies that a steady bearing with negligible inertial effects, A = 0, 
has a pressure field and force on the stator which is independent of the slip length. 


—— compressible 
= — incompressible 


Figure 6. Fluid force and MFC for compressible and incompressible flow for 
increasing amplitude of forcing a) € = 5, b) € = 10 and c) € = 15; a=0.8, 
à = 0.005, o = 1, a = 1.5, | = 0.01, Ks = 1, Kz = 12, Da = 1.5, py = 1 and po = 2. 


7 DYNAMIC BEHAVIOUR 


The dynamic fluid force and MFC for a bearing with compressible and incompressible flow 
are given in Figure 6, for increasing magnitude of the amplitude of forcing. The smaller 
amplitude of forcing «=5 corresponds to a case near the limiting condition of 
a compressible flow being dynamically represented as incompressible flow, giving both 
flows having similar dynamics. The fluid force on the faces has a small magnitude with 
a maximum when the rotor is forced upwards and a minimum when the rotor moves 
downwards, away from the stator. The MFC follows the path of a negative sine curve, 
with minimum values of 0.507 for compressible flow and 0.492 for incompressible flow. 


Increasing the amplitude of the external force to = 10 results in a small difference 
between compressible and incompressible flow. When the MFC is greater than the 
equilibrium value, the fluid force has a small magnitude and is effectively constant. 
Else, the fluid force fluctuates with a peak of greater magnitude when the rotor is 
pushed towards the stator, and a minimum when the rotor moves away from the 
stator, which is much larger for incompressible flow. This behaviour results in a thin 
fluid film being maintained; the case of compressible flow has a very small MFC 
between t = 1.1 and t = 2.1 with a minimum value of 0.117 and incompressible flow 
between t = 1.1 and t = 2.7 with minimum value 0.125. 


For a larger amplitude of external forces = 15, the compressible and incompressible 
flow bearings now have significantly different dynamics. For compressible flow, 
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when the rotor and stator come into close proximity there is a sharp increase in 
the fluid force around t = 0.45 ensuring a face clearance is maintained; for incom- 
pressible flow this is around t = 0.6. In the case of compressible flow, the faces 
the move slightly apart before becoming close together again, but because the 
external force is still forcing the rotor towards the stator, there is another sharp 
increase in the fluid force to maintain a face separation. This trend continues for 
a total of six instances of the rotor and stator coming very close together, thus 
inducing a flapping motion of the faces when they are in very close proximity. 
Considering incompressible flow conditions gives the stator following the path of 
the forced rotor, without any flapping motion, maintaining an effectively constant 
film thickness until the rotor pulls away from the stator around t = 3.5. Comparing 
the smallest value of the MFC gives a compressible flow bearing having a value of 
0.00967and incompressible flow of 0.0523. 


To verify the flapping motion in the MFC for compressible flow when the fluid film is 
very thin, an alternative numerical technique was implemented. This was based on 
the methodology in Garratt et al. [3], namely a time stepping algorithm (initial bound- 
ary value solver) which is less robust and more computationally expensive than the 
stroboscopic map used in this work. However, the transient solver also predicts the 
flapping 


motion when the rotor is in close proximity with the stator. This result was not identi- 
fied in the work by Garratt et al. as the rotor and stator did not become close enough. 
Previous experimental or numerical studies were not found that examined the limit of 
very small fluid film thickness, almost contact condition, to provide direct validation of 
the predicted flapping motion. 


8 CONCLUSIONS 


A fluid lubricated bearing model is formulated, appropriate for a very small bear- 
ing gap (velocity slip boundary conditions are included) and high speed operation 
(retains the leading order effects of centrifugal inertia relevant for high speed 
rotational flows). Modified compressible and incompressible Reynolds equations 
are derived to model the fluid film, together with explicit expressions for the fluid 
velocity. The fluid flow behaviour of the steady state case, where the stator and 
rotor are fixed axially, but the rotor has rotational velocity, is examined. Despite 
the pressure field being similar for both compressible and incompressible flow, the 
pressure gradient is significantly different, causing large differences in the radial 
and axial fluid velocities. 


The fluid flow can be coupled to the bearing faces (modelled as spring-mass-damper 
systems), through the axial force imposed on the bearing faces by the fluid, enabling 
the dynamics of the bearing to be studied. An external harmonic force with an ampli- 
tude larger than the equilibrium face clearance is imposed on the rotor, used to simu- 
late possible destabilising excitations. Periodic solutions are found through solving the 
modified Reynolds equation and structural equations simultaneously using 
a stroboscopic map solver; different solvers have been developed for compressible 
and incompressible flow, due to an analytic solution for the Reynolds equation being 
readily available for the latter. Results are given for extreme operating conditions, 
where for a small amplitude of rotor forcing prediction for the bearing dynamics are 
similar for compressible and incompressible flow, however, for a large amplitude of the 
rotor forcing predictions differ significantly. The compressible flow bearing has the 
faces undergoing a flapping motion when the external force on the rotor is sufficiently 
large, whereas as an incompressible flow bearing has the faces remaining effectively 
a constant distance apart with a very thin fluid film. 
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ABSTRACT 


In this study, the effect of support stiffness on the dynamic behaviour of a large indus- 
trial rotor is studied using simulation models and experimental test setup having 
a mechanical apparatus for changing the horizontal support stiffness. Two different 
simulation models with different levels of complexity were created to simulate the 
behaviour of the system. Such verified simulation models can be used to predict the 
critical speeds and minimum vibration operating speed areas. The achievements of 
this paper could be utilized in the industries using large rotors when operating condi- 
tions can be taken into consideration already in rotor system development. 


1 INTRODUCTION 


In rotating machinery, supports have a critical role as they affect the critical speeds of 
the system, e.g. in turbomachinery industry (1, 2) and power industry (3). Similarly, 
in the paper and steel industries, the supports have a significant effect on the dynamic 
behaviour of relatively large rotors, as subcritical frequencies are on the operational 
speed range and there are several sources of excitations due to the manufacturing 
inaccuracies, e.g. non-circular bearing geometries. To avoid these critical frequencies, 
one approach is to adjust the support stiffness and minimize the operational responses 
in the paper and steel industry applications. 


The large rotors for paper and steel industries are typically made by bulk manufactur- 
ing process with very limited customization possibilities. However, rotors manufac- 
tured in the same production line can have a significant variation in their dynamic 
behaviour. This is related to the inaccuracies of manufacturing process that cause e.g. 
the thickness variation in a rotor body. In large rotating machines, the critical speeds 
are naturally low which increase the requirements of supporting structure; the sup- 
ports of large machines need to be massive and highly stiff to preserve high enough 
critical speeds. Otherwise, the critical speed or its subcritical frequencies decrease, 
and resonances are possible. 


To gain a deeper understanding of the root causes of the dynamic behaviour of 
a manufactured rotor a physics based white-box model together with measurements 
can be utilized (4). Nevertheless, the functionality of a rotor is not guaranteed even if 
the rotor is perfectly manufactured; the operational conditions of a rotor has 
a remarkable effect on rotor behaviour. Therefore, dynamic rotor behaviour could be 
only estimated, since the eventual effect of the operating conditions of the rotating 
system are unknown. 


The support structure has a great impact on the dynamic behaviour of a rotating struc- 
ture (5), which have been studied using physical (6, 7) as well as modal coordinates 
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(8). Depending on the case, there might be significant cross-coupling between the 
supports. A few traditional techniques for identifying the foundation parameters are 
experimental modal analysis (6), modal model-based methods which used response 
from bearing pedestals with least squares (9) or Extended Kalman Filter (10) to com- 
pare bearing forces with measured response, or comparison based on shaft displace- 
ments (11). In the case where the cross-coupling between supports is minor 
a concentrated parameter approach can be utilized by simplifying the support in to 
horizontal and vertical spring-mass-damper elements (12, 13). In addition, for cases 
with cross-coupling of supports, the transfer matrices approach can be combined with 
measured data or even simulation depending on availability of accurate geometry. 
The frequency response function can be used to obtain modal parameters of the struc- 
ture by describing the transfer function in various directions at support locations (12) 
or simple curve fitting methods (14). 


The idea of manufacturing for the operating conditions is discussed earlier in several 
publications where the rotors are optimized to correspond to the demands of the final 
installation location. For example, Kuosmanen (15) and Widmaier (16) have proven 
that the dynamic run-out of a rotor could be decreased when the operating conditions 
were taken into account. In (15) and (16), the rotor feedback measurement was con- 
ducted in operating conditions and then with 3D grinding, the dynamic run-out caused 
by the thickness variation and thermal run-out were compensated. A simulation 
model for a large rotor was created by Sopanen et al. (17) using flexible multibody for- 
mulation along with nonlinear bearing model. Heikkinen et al. (18) proposed a model 
based on Timoshenko beam elements including the effect of nonlinear bearings with 
asymmetric rotor properties. They studied the waviness of bearing inner ring and 
showed that it has significant effect on the dynamic run-out. Viitala et al. (19) devel- 
oped a predictive method that minimize the excitation from bearing inner ring wavi- 
ness. In their research, the roundness error of bearing inner ring were reduced by the 
compensative grinding of the bearing surface. 


In this paper, a novel simulation application is presented that focuses on the simula- 
tion of the behaviour of a rotor under different speeds and support stiffnesses. The 
objective of this paper is to study the operational speed map (OSP). The OSP defines 
the operation speed range and support stiffness values and response amplitudes. 
These are studied by using two simulation models having different levels of complex- 
ity. The first one is a simplified three degree of freedom model that includes the rotor, 
the supports and the bearings with waviness excitation. Second model is a high- 
fidelity model proposed by Heikkinen et al. (18). In this paper, the model proposed in 
(18) is further developed for computational efficiency and parallel computing is util- 
ized to calculate transient behaviour under different speeds and support stiffnesses. 
The model based on Timoshenko beam elements and nonlinear spherical roller bear- 
ings proposed by (20) is computationally efficient, which allows to study the oper- 
ational speed map for given bearing excitations at various support stiffness and speed 
conditions in matter of hours. In the actual experimental setup, even if an adjustable 
stiffness device is available, the measurement process takes a week due to time con- 
sumed in changing the support stiffness and speed and capturing the steady state 
response. Operational speed maps obtained using simulation models are compared 
with the measured OSP. With the developed simulation method, the effects of support 
stiffness on the rotor behaviour can be predicted and by using the yielded information, 
the rotor and support design can be optimized. 


The simulation model can be used as a virtual sensor to determine the support stiff- 
ness and thus additional stiffness measurement in the current system can be avoided. 
This can be accomplished as the response peaks that are visible at subharmonic fre- 
quencies, e.g. from the acceleration measurements, can be compared to the oper- 
ational speed map. The virtual sensor can be used to identify the system on the field, 
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which in turn would help in optimizing the dynamic behaviour. In addition, the simula- 
tion model can aid in designing the rotor, as in early design phase, the operational 
speed map can be studied and thus, optimal stiffness values and operational speeds 
can be selected. As one additional possibility for already manufactured large rotor sys- 
tems, the support stiffness properties can be identified, and then either stiffened or 
loosened by adding or removing material from the supports for optimal dynamic 
behaviour for the application. 


2 ROTORDYNAMICS, SIMULATION MODELS AND CASE STUDY 


2.1 Rotordynamics 

The test rotor used in this study has been considered as a flexible rotor. This means 
that the test rotor is assumed to have flexural modes. The determination affects spe- 
cially to the balancing of a rotor, since the flexible rotors have practically infinite 
number of bending modes with their own critical speeds. However, a significant impact 
is typically only in the first modes. A rotor can be modelled and balanced also as a rigid 
rotor, if flexural modes are not remarkable. ISO 21940-12 (21) gives guidance for the 
determination of a correct rotor type in relation to an operation speed. In there a rotor 
can be considered rigid if the first flexural resonance speed exceeds the maximum ser- 
vice speed by at least 50 %. 


Subharmonic frequencies are integer fractions of the critical speeds. Those occur at 1/ 
2, 1/3, 1/4, ..., etc. times a critical speed. Subharmonic frequencies are harmful for 
large rotating machines that usually uses the frequencies under the critical speed. At 
these frequencies, harmonic excitation causes resonance in which the excitation fre- 
quency coincidence with the critical speed. The harmonic excitation produces the exci- 
tation as a function of rotating speed. Typical source for the harmonic excitation can 
be e.g. the thickness variation of a rotor body that produces excitation two times per 
revolution. This kind of excitation causes the resonance at speed of 1/2 times the crit- 
ical speed and, thus, this speed is also called as half critical speed. Similar mechanism 
excites also lower subharmonic frequencies. 


2.2 Simulation model descriptions 

Two simulation models with different levels of complexity are utilized in this study. The 
first one (simple) is a three degree of freedom model that can describe the first flexible 
mode of a rotor-bearing-support system. The second model (detailed) is a beam elem- 
ent model of the rotor including rotor’s asymmetry due the shell thickness variation as 
well as nonlinear spherical roller bearing model. Both simulation models include 
description of bearing waviness excitation. The simplified model is solved in frequency 
domain while the detailed model is solved with time transient numerical integration. 


2.2.1 Three degree of freedom model (simple) 

The three degree of freedom model is constructed in such a way that it can represent 
the first flexible mode of the roll-support system. Since the first flexible mode is sym- 
metric, the model represents only one half of the actual system. Supported roll and 
free-free roll behaviour is depicted in Figure 1. 
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Supported tube roll 


Free-free tube roll 


Figure 1. Simplified 2DOF rotor models for supported and free-free rotor. 


The supported rotor’s critical frequency (fupp) and free-free frequency (free) can calcu- 


lated as 
1 k, 
supp — 5_ 1 
fore =N a (1) 


1 k(n + my) 


ue 2a Mı M,2 i 


(2) 


where k, is the support stiffness, m, represents the middle part of the rotor and m,2, 
represents the end part of the rotor. 


Figure 2 shows the schematic of the model. In the model, one half of the roll is further 
divided into two parts (m, and m,2) that are connected with spring (k,) and damper 
(cr). The roll is connected to support (ms) with bearings having spring coefficient (kp) 
and damping coefficient (cy), while the support mass (ms) is connected with spring 
(ks) and damper (cs) to the ground. 


Figure 2. Schematic of simplified model of 3 DOF representing half of the 
rotor and one support. 


To capture the first natural frequency of the roll properly with the simplified model, the 
following relations can be created: 


1.) One-half of total mass of the roll is m/2 = m, = Mma + M,2 
2.) Supported roll frequency, fsupp = 30 Hz 
3.) 15 free-free frequency of the roll, feee =75 Hz 


Using the above relations and Eqs. (1) and (2), the parameters for the simplified roll 
model can be obtained. The damping coefficient for the roll part (c+) can be obtained 
by assuming 1% modal damping ratio. Support mass, ms, is 190 kg. The bearing 
stiffness in horizontal direction is 2.5-108 N/m and the bearing damping (cp) is 
assumed to be 0.25% of the bearing stiffness. The support stiffness is 2-108 N/m in 
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vertical direction and in horizontal direction, it is varied from 2.14 MN/m to 18.34 
MN/m. For support damping, cs, 2% damping ratio to the critical damping coefficient 
is used. 


Bearing inner ring waviness is assumed to cause harmonic excitation forces that are 
included in F2 and F3. Bearing waviness excitation mechanism is fairly complicated, 
but in this study, it is assumed to cause forced displacement excitation between the 
roll and support. In general, bearing waviness generates several harmonic excitations 
and the k“ harmonic waviness excitation can be written as 


Ôk = Ap cos(keot + ox), (3) 


where 4; the amplitude and gis the phase of the k” is the order waviness, œ is the 
rotor rotating frequency. Waviness can be considered base motion, in which the exci- 
tation forces are transferred through the bearing stiffness and damping. Therefore, 
harmonic spring and damping forces for the kt” order waviness excitation can be writ- 
ten as follows 


Fy (t) = (—kp Ag sin Øz — cpAxgko cos ok) sin(kot)+ 
ee SS 
F, 
(kp Ax cos k — cpArko sin by) cos(kat) 
SS 


F: 


(4) 


Corresponding counteraction force is applied to the support (F3). Considering multiple 
waviness excitations, the equation of motion of system can be written as 


Mł (A) + Cx(£) + Kx(t) = X > (Ff sin kot + F% cos kor) (5) 
k 


Superposition principle can be used to obtain the final steady state solution as follows 


x(t) = > (at sin kot + b* cos kot) (6) 
k 


where the coefficient vectors at and b‘ can be solved for each harmonic excitation k as 
follows 


Peace el . 


2.2.2 High-fidelity simulation model (detailed) 

In this section, the model developed by Heikkinen et al. (18) is implemented to 
the test case. The simulation model included asymmetric 3D beam elements 
based on Timoshenko beam theory. The asymmetry is induced by varying the 
thickness of the tube section based on ultrasonic measurement similarly as in 
(22). The thickness variation is implemented in the model by defining the thick- 
ness profiles of the cross sections along the length of the tube section, thus affect- 
ing to the area moment of inertia. 


The rotor is supported with two SKF 23124 CCK/W33 spherical roller bearings. The 
spherical roller bearings are modelled with nonlinearity included, similarly as in Gha- 
lamchi et al. (20). In the simulations the nominal bearing clearance of 60 um is used, 
and measured waviness profiles of measured sections are shown in Table 1. Waviness 
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components from twice to six times per revolution were measured from the bearing 
inner ring for the service end and drive end of the machine. 


Table 1. Measured bearing inner ring roller path waviness amplitudes. 


Service 
end 


First roller element path Second roller element path 


Amplitude Amplitude Phase 
[um] [um] [rad] 
0.4647 0.5757 5.5588 
0.1501 0.1304 7.5205 
0.2520 0.2024 2.8113 
0.3197 0.4019 3.8472 


The measured roll section thickness variations are included in the simulation model. 
The supports are modelled as mass-spring-damper elements, individually in horizon- 
tal and vertical directions. Damping for support structures has 2% damping ratio for 
horizontal and 3% for vertical direction. Modal damping ratios 1.5% (1%), 2% (2"%), 
2.5% (3'4) and 3.0% (4 to 6") where the value in parenthesis corresponds to the 
flexible mode number. In the transient analysis, model reduction is applied and the 
number of retained modes is 16. Simulation runs are conducted for 9 seconds with 
a sampling rate of 2000 Hz (time-step of 0.0005s). The resulting response are cap- 
tured at the bearing locations. The computational time is approximately 300 seconds 
per single simulation of 9 seconds. However, the computation time is dependent on 
the system parameters, such as parameters of nonlinear bearing model. Calculations 
are conducted with a Triton cluster (Node Dell PowerEdge C6420 with 2x20 core Xeon 
Gold 6148 at 2.4 GHz and 192 GB DDR4-2667 memory), having two nodes, both with 
40 CPU's parallel computing. With that setup, the computation time is 15 hours. 


2.3 System and measurement setup 

The test setup has a possibility to vary the horizontal stiffness and thus, similar data 
set could be measured as generated in the simulation. The adjustable stiffness in the 
test setup is implemented by using a similar structure as in balancing machines where 
a rotor is supported by plate springs. Subsequently, the stiffness for the support is 
provided through an external beam. The structure is implemented at both rotor ends. 
The mechanism for adjustable stiffness and force sensor locations are depicted in 
Figure 3. 
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Figure 3. Mechanism for adjusting the support stiffness in horizontal 
direction. 


The studied rotor is a paper machine guiding roll (tube roll). The mass of the rotor is 
720 kg with a total length of 5 m and a 4 m long tube section. Figure 4 shows the sig- 
nificant dimensions of the rotor. Other additional masses that affect to the horizontal 
movement of the shaft ends are the bearing housing masses and the masses of the 
parts that constitute the adjustable stiffness device (ms). 


» 5000 
ij 


| E Roo a 


Figure 4. Studied rotor cross-section with dimensions (in mm). 


The verification measurement is conducted by using the radial bearing force sensors 
at both bearings. The measured rotation speed range is 4 - 18 Hz in which the rotor is 
accelerated with 0.05 Hz increments. The acceleration ramp is repeated with 31 differ- 
ent stiffnesses. The acceleration is limited to the maximum speed below the critical 
speed. The measurement procedure is conducted as follows: 


. The stiffness is adjusted at the lowest point 

. The rotor is accelerated at 4 Hz 

100 rounds are measured 

. The rotor speed is increased with the increment of 0.05 Hz 

. Steps 4 and 5 are repeated until the last rotating speed is reached 
. The stiffness is increased 

. Steps 2 to 6 are repeated until the last stiffness level is reached. 


The measured data is post processed using time synchronous averaging (TSA) that is 
originally developed by (23, 24) The method enables the averaging of a phase locked 
signal and representing it as a single round. From this averaged signal the maximum 
values of each direction (horizontal and vertical) are captured. The details of the force 
measurement setup can be found in Viitala’s et al. (25) research in which same meas- 
urement method was used. 
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3 RESULTS 


3.1 Simulation model and validation 

The simulation models are validated with free-free frequencies and supported fre- 
quencies measured from actual machine, i.e. 75 Hz for free-free rotor, and supported 
frequencies of 20.9 Hz in horizontal direction and 30 Hz in vertical direction. The first 
and second bending modes (horizontal) of the rotor are shown in Figure 5. In the verti- 
cal direction, the first bending mode occurs at 30 Hz (30.5 Hz with infinitely stiff 
support). 


Deformation 


rr 35 “4 5 
Rotor length (m) 


Figure 5. First and second horizontal bending modes at 20.9 Hz and 34.3 Hz 
with maximum support stiffness. 


3.1.1 Operational speed map with simple simulation model 

Figure 6 depicts the simple simulation response results. In the model, the waviness 
amplitudes of the service end at the first roller path are used. Due to the computa- 
tional simplicity of the model, the results are calculated with 100 different stiffness 
values and speed range from 0 to 18 Hz. The numbering e.g. “1-2” refers to 1% bend- 
ing mode and 2" fraction of critical speed etc. As can be seen in the figure the simple 
model can only include the first bending mode. 
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Figure 6. Simplified model responses in horizontal (left) and vertical (right) 
directions. 


3.1.2 Operational speed map with detailed simulation model 

In the analysis, 281 points from 4 Hz to 18 Hz (increment of 0.05 Hz) are analysed 
along with 31 different horizontal support stiffness values, yielding to a network of 
8711 calculations. From these simulations, the maximum amplitude is captured and 
plotted with the speed and stiffness values used in the analysis. Figure 7 depicts the 
operation speed map for horizontal and vertical directions. 
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Figure 7. Detailed model responses in horizontal (left) and vertical (right) 
directions. 


3.1.3 Operational speed map with measurement 

In the measurement, with the highest stiffness value set in the horizontal direction, 
the full range of 4 Hz to 18 Hz with 0.05 Hz increments is measured. As the support 
stiffness is decreased the maximum speed is decreased to avoid resonance with the 
1x component in the measurements. 
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Figure 8. Measured responses in horizontal (left) and vertical (right) 
directions. 


3.2 Results comparison 
Table 2 depicts the results comparison at the highest stiffness 18.32 MN/m and at the 
lowest stiffness 2.04 MN/m. In the table the frequency peaks shown in Figure 6-Figure 
8 are collected and compared. 
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4 DISCUSSION 


A comparison between the simplified and detailed simulation models shows that the 
accuracy is almost same for both models when considering the 1% bending mode. 
Both agree well with the measurements and have less than 1% error compared to 
measured results in case of the highest support stiffness and, correspondingly, 3.5% 
error in case of the lowest support stiffness. The simplified simulation model only con- 
sists of the first bending mode and thus is not able to show higher modes. 


With the 2"¢ bending mode, the detailed simulation model gives approximately 4-6% 
lower frequencies compared to measured ones at the highest support stiffness and 11% 
lower frequencies in case of the lowest support stiffness. For the 3™ bending mode, the 
detailed simulation model estimates 6-10% higher frequencies than measured at the 
highest support stiffness and 8% higher frequency in case of the lowest support stiff- 
ness. With lowest support stiffness the support behaviour becomes more dominant 
when compared to the highest stiffness where the rotor flexibility is more dominating. 
The higher order waviness components are visible well in both simulation models. 


As can be interpreted from the results, variation of the horizontal support stiffness 
affects differently to different bending critical frequencies of the modes. In simulation 
results of both models, the relative frequency change is remarkably similar as in the 
verification measurements. In the measurements, the support stiffness was lowered 
88.9% from its highest value and this yielded 53.6%, 60.7% and 21.1% change in the 
first, second and third measured bending mode frequencies, respectively. This result 
reveals the sensitivity of each bending critical speed to the variation of support stiff- 
ness. The corresponding changes in the detailed simulation were 56.1%, 62.8%, 
19.1%. Thus, the largest relative error 2.5% was in the first mode. The simple simula- 
tion model yielded 54.4% change in the first mode frequency that is even closer than 
the relative change in detailed simulation model. 


Finally, it should be noted that the 7" and 8°" harmonic response due to bearing wavi- 
ness can be seen in the measurements but those are not included in the simulations. 
However, from practical point of view the higher order waviness components does not 
have significant role. 


5 CONCLUSIONS 


The two simulation models were created and their capacity of producing operational 
speed map in a case study were reported. The study shows that the simple model can 
reproduce the operational speed map within 0.5% accuracy when compared to meas- 
ured operational speed map. However, this model can describe only the first flexible 
bending mode. Furthermore, when the simple and complex simulation cases were 
compared, there was no major difference in the results to the first bending mode, i.e. 
the asymmetry and nonlinearity is not causing major effect to the results. The addition 
that the detailed model gives is the inclusion of second and third bending mode and 
their effect is visible in the operational speed map. To summarize, the simple model 
can generate operational speed map with a high accuracy and from computationally 
point of view, the calculation can be made within seconds, even with very fine compu- 
tational grid. To design the large rotors for specific application, such maps helps to 
optimize the application specific rotation speed to designed support stiffness value. 
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ABSTRACT 


Active Magnetic Bearing (AMB) systems are common in high-speed rotating machin- 
ery. Bearing control system input is the relative displacement data measured between 
the sensor and the measurement surface. In case of frame resonance, controller may 
create a feedback loop which may amplify the frame vibration modes. The frame 
vibration dynamics of 1 MW steam generator with AMB-support is studied. Vibration 
mode identification using FE-based model are discussed. Model-order reduction tech- 
niques are utilized to solve a large-scale numerical problem. The paper shows an 
update procedure for a computationally efficient reduced-order model that can be 
used for identifying measured unclear vibration modes. 


1 INTRODUCTION 


Active Magnetic Bearing (AMB) systems are often considered as the most suitable 
bearing solution for rotating high-speed applications. As the AMB system utilize active 
feedback control, the quality of the position signal is essential for the stability of the 
bearing control system. In AMB systems, rotor position signal is measured between 
the stator frame and the rotor lamination yielding a relative displacement. In cases 
where frame dynamics significantly contributes to system dynamics, the relative dis- 
placement of AMB sensor should not be considered as absolute reading since in worst 
case it can cause amplified vibration due to a possible feedback loop in the conven- 
tional AMB control system [1]. Often, as the power rating of the high-speed machines 
increase, the size and mass of the machine structure is increased, and thus, the need 
of analysing the frame dynamics becomes more important. Electrical machine frame 
vibration dynamics with magnetically suspended rotor seems to be a topic not often 
discussed in literature. 


The finite element method (FEM) is often used for solving numerical vibration prob- 
lems. The use of three-dimensional (3D) solid element models is nowadays a standard 
practice. Often, due to fine discretization of the structure, the problem size may 
become very large, thus causing very long computation times in solution. Therefore, 
model-order reduction becomes necessary. Vibration analysis in modal domain has its 
own requirements compared to time domain analysis in which contacts and con- 
straints may be expressed simply as time-dependent forces at boundaries. In modal 
domain, individual components are required have physical boundary degrees-of- 
freedom for body-to-body coupling to be utilized. The concept of superelement-based 
techniques is well known, and perhaps the most well-known method utilized is the 
Craig-Bampton method [2]. When using substructuring [3] and modelling individual 
subdomains as single superelements, a very large problem can be reduced signifi- 
cantly without losing much accuracy [4]. Although, there are multiple model-order 
reduction methods [5] available, such as System Equivalent Reduction Expansion 
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Process (SEREP) [6] and Improved Reduced System (IRS) [7], the Craig-Bampton 
method has advantages as the superelement can have variable boundary constraints, 
and thus, assembling of multiple superelements is enabled. Generating and assem- 
bling superelements is possible in commercial FE-software, but the model update 
options for reduced-order model seems to be very limited [8]. 


As a case example, the frame dynamics of vertically oriented steam generator is 
investigated. In the case example, a harmful frame resonance was detected at 
operating speed range during the AMB commissioning. The problematic frame res- 
onance frequency was identified with both axial and radial AMB sensors, but the 
mode of this frequency was still unknown. FEM was utilized for modelling the com- 
plete generator assembly. In order capture the machine dynamics properly the 
mesh have to be dense. As a result, the size of finite element (FE) problem 
became too large to be solved within reasonable time. Thus, model-order reduc- 
tion techniques were utilized. Substructuring was utilized in order to generate sub- 
models for the Craig-Bampton transformation. The generated superelements were 
assembled and eigenvectors were solved, and then expanded into global degrees- 
of-freedom in order to visualize the vibration modes. The problematic frame vibra- 
tion mode was then identified. 


In addition, the suspected axial-radial coupling of the vibration mode was studied 
using harmonic response analysis. For this analysis, a reduced-order model update 
procedure is proposed. The model update referred here is modal-based update for 
dynamic problems in modal domain focusing on eigenmode frequency and corres- 
ponding modal damping ratio updates. A customizable 3D solid FEM-based code 
implemented in MATLAB environment is utilized for the modelling and solving of eigen- 
problem with multiple superelements [9]. The main reason for using in-house made 
FEM code arises from the need of fully customizable solver programming in order to 
make all steps required, generation of superelements, assembly and model update, in 
the same modelling environment. As result, the proof of existence of the suspected 
axial-radial vibration coupling in the case study was revealed based on the model 
update procedure proposed in this work. 


2 SUBSTRUCTURING AND REDUCED-ORDER MODEL UPDATE 


Basic idea of substructuring is to divide the large model into several submodels. Every 
submodel is transformed into an arbitrary shaped element, generally called as super- 
element, having a number of selected boundary degrees-of-freedom. Common 
method for generating a superelement is the Craig-Bampton transformation. Craig- 
Bampton method produces physical boundary degrees-of-freedom, thus, allowing 
superelement to be connected with other elements. Craig-Bampton transformation 
allows full expansion of the reduced-order solution. Thus, it is ideal method for study- 
ing large complex-shaped structures in frequency domain. Still, updating dynamic 
properties of individual submodel is not directly possible due to the characteristics of 
Craig-Bampton method. Assembled superelement-based reduced-order model can be 
updated after modal decoupling. 


2.1 Craig-Bampton method 

Due to the large size of the vibration problem discussed in this work, substructuring of 
a full FE-model is utilized. Craig-Bampton method is used for generating superele- 
ments. The Craig-Bampton transformation matrix for generating a superelement can 
be written as follows [2]: 
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or | a) 


Tcs = | 0 Iy 


where Y, is the coupling matrix between the internal and boundary degrees of free- 
dom, which can be written as follows: 


Yin = -K; 'Kip (2) 
and ®, is the matrix containing a subset of eigenvectors as follows: 
Oy = [Da Gy... By] (3) 


The eigenvectors used for making Craig-Bampton transformation can be solved as 
follows: 


(Kii — nMi) Dn, = 0 (4) 


Using an elastic stiffness matrix as an example, the structural matrices shall be re- 
arranged for the Craig-Bampton transformation as follows: 


TĪK“Tg = K = E a (5) 


Ky; K» 


where Tz is the transformation matrix for matrix reordering, K° is the original elastic 
stiffness matrix and kj, is the re-arranged elastic stiffness matrix derived for purpose 
of generating a superelement. 


Using an elastic stiffness matrix as an example, the Craig-Bampton transformation is 
completed and deriving a superelement can be written as follows: 


Keg = Tcs KR Tce (6) 


2.2 Expanding eigenvalue solution 

The reduced-order eigenvalue problem is solved based on assembled FE-model made 
of individual superelements. Using the Craig-Bampton transformation, the reduced- 
order solution can be expanded into original size as follows: 


Dnc = Tr(TegDn) (7) 


where the subscripts k and G indicates the index of superelement and the expanded 
original global order of the degrees-of-freedom, respectively. 


2.3 Assembly of superlements 
Assuming a typical rotating machine construction consisting three main parts: sup- 
port, frame and rotor, the assembled equations of motion can be written as follows: 
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Mcs.s 0 0 Xs Cops + Cs + C. =C. 0 


0 Mcs,r 0 Xr | + =C Copp + Ce + Cp —C, 

0 0 Mcs.r Xp 0 —C, Cece r + QGcp.z + Co 
Xs Kops + Ks + Ke =K. 0 Xs 
xe |+ =K. Kegs +Ks +K. -K, | | xr | =F 
XR 0 -K, Kear | | Xr 


(8) 


where matrices M, K, C and G, in general, contribute to mass, stiffness, damping and 
gyroscopic effects, respectively, the subscripts CB, S, F and R contribute to Craig- 
Bampton transformation, support, frame assembly and rotor, respectively, 2 is the rotor 
angular velocity, x is the vector of nodal coordinates and F is the vector of external 
forces. The coupling stiffness and damping matrices Ks and Cs, K. and C. and K, and C, 
contribute to foundation-to-support, support-to-frame and frame-to-rotor couplings. 


2.4 Assembled model update 

FE-model update based on measured dynamic properties becomes straightforward. 
The eigenfrequency and modal damping ratio can be updated based on measured data 
to match the corresponding eigenmode. The assembled superelement expression is 
used as basis. Equation (8) can be rewritten as follows: 


Myxy + Cyxy + Kyxy = Fy (9) 
where the subscript 4 indicates assembled matrices. After solving a subset of lowest 


undamped eigenvectors of Equation (9) and mass normalizing the eigenvectors, the 
structural modal coordinate matrices can be written as follows: 


M = 0'M,®, 
K=@'K,®, (10) 
C =@'C,o, 


where M, K and C are the modal mass, stiffness and damping matrices, respectively. 
Updated modal matrices for modal harmonic response analysis can be written as 
follows: 


o'o (11) 
= 20% 
where w and é are diagonal matrices containing the modal angular frequencies and 
modal damping ratios, respectively. 


The update procedure presented is valid only for updating the eigenfrequency and 
modal damping ratio of the particular eigenpair, not for updating the eigenmode 
vector itself. Updating individual eigenvector has certain limitations as the initial selec- 
tion of the boundary degrees-of-freedom will have influence on the outcome, and 
thus, the Craig-Bampton transformation must be redone. 
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2.5 Harmonic response 
The equation for harmonic problem using modal coordinate expression can be written 
as follows [10]: 


K-—o0’M -oC Py) _ | OF (12) 
wC K-M ||P. D} Fac 


The physical displacement vector of the assembly x, can be written as follows: 


x4 = 4 (P, sinð + p, cos 0) (13) 


3 CASE EXAMPLE: HIGH-SPEED STEAM TURBINE 


The studied 1 MW 12,500 rpm high-speed turbine-generator construction under 
investigation is illustrated in Figure 1. Vertical design was selected in order to have 
less bearing load in radial direction, thus, minimizing the length of radial AMB lamin- 
ations on the rotor. In addition, rotor has inner water-cooling channels, which were 
more functional in case of vertically oriented rotor. In the lower end of the frame con- 
struction is located the turbine housing, and on the shaft the double-sided four-phase 
radial steam turbine impeller. The center of mass of the machine is relatively high due 
to the need for connecting the steam outlet tubing that would be fastened at the 
bottom of turbine housing. 


In order to visualize the problematic frame vibration mode, a complete generator 
assembly including the full support leg construction was modelled using FEM. Linear 
time invariant system is assumed. In order to reduce the problem size, undamped 
eigenvalues are solved. Regardless of the simplifications to the model of the generator 
assembly, the FE-problem size was too large to be solved without model-order reduc- 
tion in sufficient time. Therefore, substructuring of full assembly was utilized. The 
assembly was split into three submodels, and superelements were generated based 
on every submodel using Craig-Bampton transformation. The details of the connectiv- 
ity of superelements are discussed. Using reduced-order assembled superelement- 
based model, the solution of eigenvalue problem was obtained, and the problematic 
frame vibration was managed to be visualized using reduced-order solution expansion 
based on the Craig-Bampton transformation. Also, harmonic response analysis was 
performed in order to study further the possible axial-radial coupling of this frame 
vibration mode in question. For this response analysis, the reduced-order model 
dynamical properties were updated using the measured vibration data so that mode 
frequencies and damping ratios were obtained from the measurement data and 
updated into the numerical model. 
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Figure 1. 1 MW hermetic high-speed steam generator. On the left is the 
detailed view of the CAD model, and on the right is the fully instrumented 
generator in laboratory. 


3.1 Model substructuring and assembly of superelements 

The complete generator assembly illustrated in Figure 1 was divided into three sub- 
structures: support legs, frame assembly and rotor. These submodels are visualized in 
Figure 2. The number of degrees-of-freedom of different submodels, and the original 
and final reduced-order models are given in Table 1. The discretization of individual 
submodels is made using quadratic tetrahedron elements. The connections between 
components of a single subassembly are linearized. 


Figure 2. Three submodels used: a) support legs, b) frame assembly and 
c) rotor. 
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Table 1. Original and reduced-order model size. 


Submodel Original size (dofs) | Superelement size (dofs) 
Support legs 805,767 744 
Frame assembly | 765,036 684 


Rotor 1,154,202 204 
2,725,005 


The size of individual superelements is based on two factors: the number of flexible 
modes used and the number of the boundary dofs included into the element. The 
number of the lowest flexible modes per submodel was set to 24, and the number of 
nodes per individual connection was set to be approximately 50% of all boundary 
nodes. The use of reduced number of boundary nodes for contact reduced the size of 
the transformation matrix effectively without yielding too soft boundary connection. 
The number of connections is different, in this case, for every submodel as follows: 


e Support legs 
° 8x body-to-ground connections 
° 8x body-to-body connections between legs and frame 


e Frame assembly 
° 8x body-to-body connections between legs and frame 
° 3x body-to-body connections between frame and rotor 


e — Rotor 
° 3x body-to-body connections between frame and rotor 


The leg support body-to-ground connections are assumed to be stiff, thus, the founda- 
tion flexibility is neglected in this case. It is reasonable since the body-to-body connec- 
tions between the support legs and frame are very soft due to installed vibration 
isolators. Based on identified axial rigid body mode frequency of the frame and the 
total mass of the frame assembly, the spring stiffness of a single degree-of-freedom 
mass-point system was calculated, and the equivalent stiffness of a single support-to- 
frame contact describing single vibration isolator was calculated to be 0.668-10 N/m. 
The body-to-body connections between the frame and rotor are the linearized AMB 
stiffnesses. In order to obtain accurate values, both radial and axial stiffnesses of the 
AMB were identified by tuning the model to match the measurements. In radial direc- 
tion, the model was tuned to match the measured first lateral bending mode of rotor 
and, as a result, a radial AMB stiffness of 4:10° N/m was obtained. Similarly, the axial 
rigid mode of the rotor was identified based on measurement data, and from the fre- 
quency and the mass of the rotor the axial AMB stiffness of 5.16-10° N/m was 
obtained. 


3.2 Model update for harmonic response analysis 

Once the problematic frame vibration mode is identified, the modal reduced FE-model 
is updated using the method presented in Section 2.4 to match the measured eigen- 
mode frequencies, and the corresponding modal damping ratios are calculated from 
the measured data. Then, modal harmonic problem is solved, and the coupled axial- 
lateral mode responses are compared against the measured axial and lateral vibration 
frequency responses. The solution of the harmonic response is along the inertial 
coordinate system used, although, the results will be processed so that only relative 
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displacements between the sensor housings and measurement surfaces are 
presented. 


4 RESULTS 


The results of the problematic frame vibration mode among the other measured 
resonances are studied and discussed. The mode of the problematic frame vibration is 
identified by using both experimental data and the numerical simulation results. 


4.1 Experimental data 

Experimental frequency responses were measured in both axial and radial directions. 
The data is based on the AMB sensor data, and thus, the nature of the position data 
recorded is relative. The excitation force is generated using AMBs for system identifi- 
cation purposes for non-rotating machinery. The axial sensor was located in the N-end 
near the axial bearing. Two radial sensor per lateral axis were used at both radial bear- 
ing locations. Logically, the N-end, or ND-end, is the upper end, and the D-end, or 
drive-end, is the turbine end. The measured data is converted into frequency domain, 
and the resolution in the axial channel is 0.5 Hz, while in radial channels 1/3 Hz. The 
frequency responses of one axial and two radial channels are presented and relevant 
resonance peaks are marked. The modes of these identified frequencies are presented 
in Table 2. From axial frequency response in Figure 3, it can be seen that in N-end 
there is a strong resonance at frequency of 117 Hz. This frequency corresponds to the 
problematic frame vibration. Identification of the other frequencies in the axial fre- 
quency response requires the use of FEM-based vibration model. 
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Figure 3. Measured axial frequency response. 


Previously discussed axial-radial vibration mode coupling is indeed visible in the radial 
frequency response. In Figure 4, considering the resolution of the plot, the frequency 
of the coupled axial-radial mode is approximately at 117...118 Hz. Similarly, in the 
case of axial frequency response, the identification of other modes requires the use of 
FEM-based vibration model. The modes of these identified frequencies are presented 
in Table 2. 
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Figure 4. Measured radial frequency responses: a) non-drive-end, and 
b) drive-end. 


4.2 Identification of eigenmodes 

Previously identified resonance at the frequency of 117 Hz seemed to be happening at 
the both ends of the generator frame in both axial and radial directions. Thus, the 
solved undamped eigenmodes of the reduced-order model were investigated and the 
identified mode based on the description derived based on the measured data is visu- 
alized in Figure 5. As seen in the figure, both bearing end plates are deforming in the 
axial direction. In addition, the upper bearing end plate seems to be bending non- 
symmetrically as illustrated with the red dashed line in the Figure 5. This non- 
symmetric bending provides proof for the axial-radial coupled vibration seen in the 
measured sensor data. 


Reason for the non-symmetric upper bearing end plate bending seems to be due to 
the power cable inlet located on one side of the upper bearing end plate, as seen in 
Figure 2. Further investigations revealed that the total deformation of the axial frame 
mode at 117 Hz is not centralized only to the bearing end plates, but, in fact, the 
whole frame tube was compressing and expanding in axial direction. 
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Figure 5. Identified frame vibration mode of the resonance at 117 Hz. On the 
left is the mode visualization of complete assembly using great deformation 
factor, and on the right is the visualization of the skewed local bending of the 
upper bearing end plate. 


The relevant resonance peaks were identified from the measured sensor frequency 
response with the numerical model. Even though, the accuracy of the solved eigenfre- 
quencies was not perfect due to many simplifications in the geometry, the measured 
eigenfrequencies were able to be matched to the corresponding simulated mode 
shapes. These relevant mode shapes were selected for harmonic analysis. The corres- 
ponding eigenfrequencies were updated to the modal coordinate model based on the 
measured sensor frequency responses. Further reduced modal coordinate expression 
was utilized for purposes of updating the exact modal damping ratios based on the 
measured data. Calculated damping ratios are presented in Table 2. The original 
model having 2,725,005 dofs is reduced to 1,632 dofs in superelement-based model 
and then further reduced to modal coordinate model having only 7 dofs. This drastic 
reduction could be performed without noticeable loss of accuracy compared to the full- 
sized problem. The accuracy of Craig-Bampton method based superelement expres- 
sion, in general, is dependent on the number of selected modes for the transform- 
ation, while a good choice of the boundary degrees-of-freedom is also important. In 
addition, the reduced 7 dof modal coordinate model can be easily expanded back into 
the original full model with over 2.7 Mdofs, as presented in Section 2.3. 


479 


In Figure 6 are plotted the relative axial and radial frequency responses at the axial and 
D-end radial bearing sensor locations simulating the real measuring conditions. As theor- 
ized, the problematic frame vibration mode at 117 Hz is, indeed, visible on both axial and 
radial relative frequency responses. The other identified modes are described in Table 2. 
By comparing the measured and simulated response amplitudes, the following can be 
concluded: 


- Frame rigid axial mode is barely visible in the simulated response due to large 
modal damping, the frequency of resonance peak of this mode seems to be a bit 
lower than in measured case as seen in Table 2. 

- Steam outlet pipe axial mode is also in both measured and simulated radial 
responses. Although, the radial steam outlet pipe response is not visible in the 
simulated radial response. 

- The problematic frame vibration at frequency of 117 Hz is visible in both axial 
and radial directions in the simulated response as well, and thus, proofing the 
existence of global coupled axial-radial vibration mode. Naturally, this mode is 
mainly axial as seen by comparing the magnitudes in Figure 6. 

- Highly damped second axial frame mode at 205 Hz is lower in magnitude than in 
the measured response. 
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Figure 6. Simulated relative responses at sensor locations: on the left is the 
upper axial sensor frequency response, and on the right is the D-end radial 
sensor frequency response. 
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Table 2. The identified eigenmodes based on the numerical model. 


Measured Calculated damp- Mode 
frequency ing ratio Direction | Location shape 


8.5 Hz 58.82% Axial Frame Rigid axial 
global 


62 Hz 0.97% Axial Steam Umbrella 
outlet pipe 


68 Hz 0.66% Radial Steam Bending 
outlet pipe 


117 Hz 1.07% Axial/ Frame 1. axial 
Radial global mode 


146 Hz 0.24% Radial Rotor 1. lateral 
bending 


155 Hz 0.34% Axial Rotor Rigid axial 


205 Hz 3.18% Axial Frame 2. axial 
global mode 


5 CONCLUSIONS 


Model-order reduction, solution expansion and Craig-Bampton transformation-based 
reduced-order model update for large structural dynamic problems is discussed. As 
a case example, 1MW steam generator frame dynamics is studied. The generator 
model is divided into three submodels, and superelements are generated from every 
submodel. Measured frequency responses from different AMB sensor locations indi- 
cated large vibration amplitude at 117 Hz in different directions between the sensor 
and rotor. Using superelement-based reduced-order model, the unknown frame vibra- 
tion mode was identified by means of expanding the reduced-order solution in order to 
visualize the vibration mode using full-sized model. Once the problematic and other 
relevant vibration modes were identified by expanding the solved eigenvectors of 
Craig-Bampton transformation-based assembled superelement model, the reduced- 
order model was updated based on measured frequency responses. The measured 
mode frequencies and modal damping ratios were updated into the numerical model, 
and simulated model-based harmonic responses were calculated. These simulated 
frequency responses indicated the proof for the existence of axial-radial coupled vibra- 
tion mode of the generator frame. 
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ABSTRACT 


Evaluating the dynamic properties of rotor systems in an early design stage requires 
simulation. At the Chair of Applied Mechanics at the Technical University of Munich, 
the rotor simulation program AMrotor was developed using Timoshenko-beam elem- 
ents to discretize the rotor. Components with non-linear reaction forces can be added 
on the right-hand side of the equation to the external loads. This requires considering 
the differential equations in the time domain. In order to get an approximate solution, 
direct time integration is used, as it is applicable for systems with general excitation. 


In this work, different time integration schemes are applied to a rotor system and val- 
idated with experimental results from an academic test rig. 


Examples of Runge-Kutta, backward differentiation formula and Newmark methods 
are implemented in the rotor simulation program. The methods are compared using 
Fourier transforms of resulting displacements and validated using experimental fre- 
quency response functions. 


Experiments are performed on a rotor test rig, which consists of a simple rotor levitat- 
ing in active magnetic bearings. A discrete PID controller, which is included in the 
simulation, controls the electric current in the electromagnets to stabilize the rotor. 


This discussion helps the user of a finite element rotor simulation code to decide for 
a suitable time integration method. Finding a fast and reliable integration method can 
drastically improve the simulation speed, making the code suitable for real-time simu- 
lation. In a next step, the code may be used for real-time hybrid sub-structuring 
(Hardware-in-the-Loop). 


1 INTRODUCTION 


The theory of time integration for mechanical systems is well developed. However, 
choosing a suitable integration method is still hard for users as the simulation model’s 
properties have to be considered. Example simulations from literature can help the 
engineer in choosing a time integration for his problem. 


Some examples of time integration for flexible rotor systems are given. In [1], a study 
of Runge-Kutta methods for lumped-mass rotor models is presented. In [2] and [3], 
Runge-Kutta methods are used for integrating a reduced set of equations of motion 
for rotor systems. In [4], a Newmark method for state-space equations of motion for 
a rotor system consisting of finite beam elements is developed. The equations of 
motion are not reduced. The Newmark method is preferred, because of its uncondi- 
tional stability. 


MareRHOFER [5] mentions some dedicated rotor simulation software. Here, a summary 
of their time integration methods is given. DYNROT, MADYN 2000, Dyrobes and XLRo- 
tor are examples of commercial programs. DYNROT and MADYN 2000 are toolboxes 
developed for MATLAB. DYNROT is capable of performing time integration using 
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central difference scheme or Runge-Kutta methods, cf. [6]. MADYN 2000 uses Runge- 
Kutta methods, more specifically the MATLAB functions ode45 and ode23, cf. [7], [8]. 
Dyrobes has a wide variety of available time integration methods, i.e. Gear’s, Runge- 
Kutta, Newmark-beta, Wilson-theta and Newmark-modified methods, cf. [9]. XLRotor 
is a commercial package for Microsoft Excel. For transient analysis, it uses implicit 
methods. Wilson-Theta, Newmark with or without numerical damping and general- 
ised-alpha-method are used with fixed step sizes. Rosenbrock’s method is imple- 
mented with an adaptive step size, cf. [10, p. 126f]. 


The open-source program VibronRotor for Octave is not capable of time integration, 
cf. [5]. The well-developed open-source simulation program ROSS [11] for python 
uses the time integration code /sim from the scipy signal package [12] for linear 
system time integration. However, ROSS does not include active components in the 
simulation, which reduces the demands on the time integration method. 


The open-source simulation toolbox AMrotor [5] for MATLAB is used in this contribu- 
tion. Here different time integration methods can be chosen. This contribution com- 
pares different time integration schemes and provides a practical example of 
simulation of a rotor in active magnetic bearings with discrete PID-controllers. This 
can serve as a guide for engineers on the pros and cons of different methods for their 
special rotordynamic applications. 


2 DIRECT TIME INTEGRATION 


Engineering problems involving vibrations are often tackled using the finite element 
method (FEM). Arising equations are second-order ordinary differential equations 
(ODEs) in time. They are formulated as initial value problems (IVP): 


Mx + Dx + Kx = F 


x(t 0) Xo, X(t 0) Xo (1) 


involving mass, damping and stiffness matrix on the left-hand side of the equation 
and general forces on the right-hand side. 


The system of equations can be solved by direct time integration. Several time integra- 
tion schemes exist for first order ODEs, because it is the most general case. Here only 
time stepping schemes are considered. Important methods are the Runge-Kutta- 
methods or backward differentiation formulas. These are also used in the time integration 
procedures of MATLAB-functions ode45 and ode15s, respectively. SHamPine [13] gives an 
overview of the methods used in the MATLAB-ODE-suite. In structural dynamics, 
methods for second-order differential equation are often preferred, as they can be dir- 
ectly applied to systems in the form of eq. (1). Most widely used is the Newmark-method. 


2.1 First order ODE 
The most common time integration schemes have been developed for first order 
systems: 


y =ft,y). (2) 


In order to use these methods for mechanical systems, eq. (1) must be transformed 
into a first order system, e.g. by 
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For this investigation, the equation is implemented as in eq. (3). Integration of eq. (2) 
from tx to tk,}ı yields 


tks 


y(t) - vlt) =| f(t,y(t)at (4) 


tk 


The right-hand side can be approximated by a quadrature formula. Because of the 
approximation, the left-hand side will be replaced by y,,,—y,. Note that y(t,,1) 
denotes the exact solution, while y,,; denotes the approximate solution. Depending 
on the quadrature formula used, different integration schemes are deduced. 


2.1.1 Runge-Kutta 
The Runge-Kutta method is a generalization of one-step methods for first order ODEs. 
It provides a way of building quadrature formulas for the integral in (4). 


The slope of function f(t, y) is approximated by k; at m points in the integration interval. 
The value yķ,ı is then obtained by weighting the slopes. 


kj = f (tk + Gh, yy: [ajiki + ajake +... + ajmkm]), for j = 1...m. (5) 
Vk =Vk + h[biki + b2k2 +... + bmkm] (6) 


The classical Runge-Kutta method is an explicit scheme of fourth order with param- 
eters found for example in [14, p. 225f]. 


For a method with an adaptive step size, an estimation of the local truncation error 
is needed. This is achieved by forming pairs of RK-formulas of orders p and p—1 
and comparing the results for an error estimation, cf. [13, 14]. The local truncation 
error ex,, is then estimated by the difference of results obtained by the two 
methods. 


Vit = Yk +h|biki + b5ka +... + bi, 1Km-1] (7) 
@k+1 = Yk+1 — Views (8) 


Using the same slopes k; for both formulas makes the error evaluation cheap, as 
they only must be calculated once. The resulting formulas are then called Runge- 
Kutta pairs. The MATLAB function ode45 uses the Dormand-Prince (4,5) pair, cf. 
[13, 15]. 


2.1.2 Backward differentiation formula 

A class of implicit time integration schemes are backward differentiation formulas 
(BDF). They approximate the solution y(t) by a polynomial P(t). The polynomial of 
order m interpolates yx41, Yk, Yk-1;---;Yk+1-m. We require that the polynomial satisfies 
the differential equation eq. (2): 


P(tk+1) = f(tk+1; Yk+1) (9) 


This yields the backward differentiation formula of order m: BDFm. BDFs are consist- 
ent with a consistency order of m, cf. [14, p. 237]. BDF of orders m < 2 are A-stable. 
BDFs of higher orders 3 < 6 are A(a)-stable. BDFs of order 7 or higher are not stable, 
cf. [16, p. 68]. Also, all the convergent BDFs are L(a)-stable, which means the 
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numerical integration has a strong damping behaviour for large negative eigenvalues 
of the equations of motion. 


As BDFs are implicit methods, computing the solution requires solving a system of 
equations. 


BDFs are predominantly used for stiff ODEs. A stiff problem has multiple decaying 
solution components which differ greatly in their decaying speed. The efficiency of 
solving stiff problems is limited by stability but not by accuracy. 


The MATLAB function ode15s, that uses a BDF with variable order, is suitable for stiff 
problems, because of its high stability. It is also possible to use the MATLAB function 
ode45, which is an explicit Runge-Kutta method, for moderately stiff problems. The 
error control forces a small time step, as the error increases strongly for an unstable 
integration. A small step size can keep the method stable, but the method is inefficient 
because it. 


The recommended procedure for solving IVPs with MATLAB is to first try ode45. If 
ode45 converges slowly or does not converge at all, it can be suspected that the prob- 
lem is stiff. Then odei5s should be used, see also MATLAB’s documentation. The 
MATLAB-function odei5s uses BDF schemes with variable orders ranging from 1 to 5, 
cf. [16, p. 74]. 


2.2 Second order ODE - Newmark 

We have discussed some explicit and implicit methods for first order ODEs. In this sec- 
tion we want to introduce a time integration method, that is directly applicable 
to second order ODEs like eq. (1): The Newmark method. Its derivation and properties 
are shown in [17, p. 522ff]. 


Applying the Newmark method to the linear mechanical system, eq. (1), yields an 
equation system for the acceleration at time t,41 


(M + yhD + BhA?K) Xen = 
—— a 


S (10) 
= Fray D|Xk t (1 y)hXx] K [Xx + Ax, t (1/2 B)h? BX] 


The matrix S$ is called time stepping matrix. In order to solve the equation system 
(10), S must be factorized. In case that S$ is symmetric positive definite, it is possible 
to perform a Cholesky factorization. In this contribution, the time integration methods 
must be able to include gyroscopic effects in rotor systems. When D = (C + G) includes 
gyroscopic effects the matrix S will lose its symmetry because of the skew-symmetric 
gyroscopic matrix G. So, in this contribution a LU factorization is used. The LU factor- 
ization is computationally more expensive than the Cholesky factorisation, but it does 
not require S to be symmetric. 


The analysis of the Newmark scheme in terms of stability and accuracy is presented in 
[17, p. 525ff] for mechanical systems. 


The average constant acceleration method (y = 0.5, 8 = 0.25) is the best uncondition- 
ally stable method. It is well-suited for stiff problems. It provides no numerical damp- 
ing and has a periodicity error proportional to w2h?/12. 


More sophisticated methods to include numerical damping are e.g. the Hilber-Hughes- 
Taylor-a-method or the Generalized-a-method, cf. [17]. 
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3 NUMERICAL COMPARISON 


Throughout this contribution, the time integration schemes are used as described 
above. The goal of the comparison is to assess the behaviour of these time integration 
schemes for non-linear, rotordynamic problems, that include gyroscopic effects. 


The classic Runge-Kutta formula of fourth order (RK4), the BDF2-scheme and New- 
mark’s average constant acceleration method are implemented as described above. 
For simplicity the unconditional stable average constant acceleration scheme will be 
referred to as Newmark’s method. The Jacobian for BDF2 is obtained by finite differ- 
ences. For simplicity the number of Newton iterations to solve the in general non- 
linear equations of motion, in each time step is fixed to 4. Here, we use the implemen- 
tation of BDF2 for non-linear problems, although here in chapter 3 the problem is 
linear. 


This section provides examples, that help in understanding the properties of the differ- 
ent time integration schemes. The test problem is the homogenous two-mass- 
oscillator, which is shown in Figure 1. Its equations of motion are given as: 


Cer Oe Od a 
0 m X2 —d> dz Xa —k2 kə X2 0 

with the parameter values m; = 2kg, M2 = 1kg, kı = 400N/m, k2 = 100N/m and the ini- 
tial conditions * = 0, x = (1, 1)”. The values of the damping coefficients will determine if 
the system is stiff. The results of fixed step integration formulas will be compared, as 
well as the results of using built-in MATLAB functions odei5s and ode45, using stand- 


ard tolerances. An analytical solution can be obtained by modal superposition for this 
simple system. 


Figure 1. Two-mass-oscillator. 


A large step size of h = 0.1 s is chosen for all integration schemes, so the effects of the 
integration formulas are easily observable. The solutions are computed for a time 
span of 100 seconds. To see how the physical behaviour of the system is changed in 
terms of amplitude and frequency a discrete Fourier transform (DFT) of the results 
without windowing is computed. 


3.1 Non-stiff system 

Here, a damping matrix D = 1074K is used for eq. (11), which describes a non-stiff, 
weakly damped system with damping ratios 0.083% and 0.042% for the modes. The 
DFT for the system is shown in the upper part of Figure 2. 
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Figure 2. Comparison of results for non-stiff test system using fixed step size. 


The Runge-Kutta-method shows no periodicity error. It shows good results for lower 
frequencies, but a strong damping behaviour for higher eigenfrequency. BDF2 has 
large numerical damping and shows the biggest error in periodicity. Higher order BDFs 
are not stable for the chosen time step size. Newmark’s method shows no numerical 
damping, i.e. no amplitude error. It can be clearly seen that its periodicity error 
increases with frequency. 


The simulation times are also given in Figure 2. The first bar shows the simulation 
time, if the force is given directly as zero. The second bar shows the simulation times if 
the force is evaluated in every function call by a look-up table (LUT), that only contains 
zeros. This shows in which way a costly ODE function evaluation influences the simula- 
tion time. The simulation time for BDF2, with a simplified Newton iteration is shown. 
There, the Jacobian is recomputed for every tenth time-step. 


First the simulation times for the direct force approach are compared. The Runge- 
Kutta method and Newmark’s method are the fastest. Newmark’s method uses 
a Cholesky factorization of its iteration matrix, which, for linear systems, only has to 
be computed once and can then be reused. Because of this, its simulation time is very 
low, although it is an implicit method. The BDF2 method takes the longest, because it 
performs a LU factorization in every time step, which is computationally expensive. 


These results are compared with the simulation times in case the ODE function evalu- 
ation is more expensive, which is here represented by force evaluation by look-up 
table. The biggest influence can be seen in RK4, which needs the most function evalu- 
ations for each time step. Newmark’s method takes only about 10 times as long and 
still is the fastest method. The effect on BDF2 is the lowest. Here, time can be saved 
by using the simplified Newton iteration, which uses less factorizations. 


The built-in MATLAB functions ode15s and ode45 can also be used. The results from 
ode45 agree very well with the analytical results. Results from ode15s slightly under- 
estimate the amplitudes outside of the resonances. A comparison of the simulation 
times of ode45 and ode15s is also given in Figure 2. It shows a similar effect as before 
when comparing RK4 and BDF2, respectively. For the direct force evaluation ode45 is 
much faster than odei5s, because it is an explicit method. The influence of an 
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expensive function evaluation is very strong on ode45 as it uses a lot of evaluations, 
while the influence on ode15s is smaller, because of less evaluations. The effect is so 
strong, that the implicit ode15s is even faster than the explicit ode45 for costly look- 
up table force evaluation. So, it can be advantageous to use the implicit method if the 
function evaluation of the ODE is expensive. 


3.2 Stiff system 

To simulate a stiff problem, different damping coefficients dı = 1 Ns/m, dz = 104 Ns/m 
are used in eq. (11). Here, only the cheaper direct force evaluation is used. The ratio 
of the largest to the smallest magnitude of the real part of the system’s eigenvalues is 
called S. According to [14, p. 249f] a problem is called stiff, if its stiffness ratio S>10°. 
The chosen parameter values yield S = 1.5- 10°. 


The Runge-Kutta method is unstable for h = 0.1 s. BDFs of orders 3 and higher are also 
unstable for this problem. The DFTs of the results from BDF2 and Newmark’s method 
are shown in Figure 3. Only one peak is visible, because one eigenfrequency is over- 
critically damped and does not show. 


The BDF2 method remains stable, but because of the extremely large time step it rep- 
resents the analytical solution only poorly. The Newmark method yields sensible 
results, even for the chosen step size. The evaluation of Newmark’s method takes just 
about 0.023 s, while BDF2 takes about 1.7 s, for the same reasons as in the previous 
section. So, the Newmark method yields the best results, while being much faster 
than BDF2. 
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Figure 3. Comparison of results for stiff test system using fixed step size. 


The stiff problem is also used to check the performance of the adaptive MATLAB- 
methods ode45 and odel5s. They yield good results, with no visible difference to the 
exact solution. However, the evaluation of ode45 takes 12.5 s, because it is forced to 
choose small step sizes to remain stable. The implicit ode15s algorithm only takes 
0.28 s. It can choose large step sizes, because it is not restricted by a finite stability 
region. This clearly shows the advantage of implicit formulas for stiff problems. 


4 PRACTICAL EXAMPLE 


After illustrating the time integration method’s behaviours for simple examples, they 
shall be applied to a more sophisticated realistic problem. They are tested in simula- 
tion of the rotor system in the magnetic bearing test rig. First, the test rig is presented, 
and its modelling is explained. The integration methods are compared to one another 
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for a numerical example. Lastly, the simulation model is validated by comparison with 
experimental results. 


4.1 Test rig 

The magnetic bearing test rig is shown in Figure 4. The active magnetic bearings 
(AMBs) use a bias current of 2,5A. The electrical control current in the AMBs is pro- 
vided by a PID controller, using the rotor’s position. The positions are measured by 
eddy current sensors, that are integrated in each AMB. An additional laser triangula- 
tion sensor measures the position of the mass disc in the middle of the rotor. 


The test rig control is designed in MATLAB/Simulink and transferred to the real-time 
test-rig management system dSPACE, which also is used for data acquisition. 


eddy current sensors 
mass disc back-up bearing 


servomotor rotary encoder laser triangulation sensors 


Figure 4. Magnetic bearing test rig. 


4.2 Simulation program and modelling 

The simulation of the rotor system uses a finite element formulation. The rotor is dis- 
cretized using Timoshenko-beam elements, that also include gyroscopic effects, cf. 
[18]. The resulting equations from the discretization take the form of eq. (1). 


Modelling of the rotor’s geometry including additional mass discs was validated with 
results from an experimental modal analysis, cf. [19, 20]. There, the active magnetic 
bearings were modelled as linear spring-damper elements. Here the magnetic bear- 
ings are modelled in more detail, including the discrete controller for the bearing’s 
electrical current in the real system. The bearing forces are written on the right-hand 
side of the equations of motion, which yields 


Mį + Dq + Kq = Fextern + Fama (12) 


The evaluation of the ODE function, especially force evaluation is relatively expensive. 
Magnetic bearing forces Fams are defined for lateral degrees of freedom x, y of corres- 
ponding nodes. The magnetic bearing forces for the lateral degrees of freedom are 
given by 


Fame, j = —kxXj + kiij (13) 
With the displacement x; at the corresponding dof and the control current i;. The dis- 


placement factor kx =—10°N/m and the current factor k; = 50 N/A are determined 
from static measurements of the magnetic bearings, cf. [21]. 
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The displacement factor kx can be included in the stiffness matrix K on the left-hand 
side. Because of its negative value it has a destabilizing effect on the system. The con- 
trol current is computed with a fixed controller frequency fou, using a PID-control law, 
here font: = 1000 Hz, so 1/fentr = 1 ms. 


ij = Pegisp + T€cumu + D€velo, J € N (14) 


The variables gis, @cumu; velo denote the displacement, cumulative displacement and 
velocity error, respectively. The values P,I,D are the controller coeffi- 
cients (P = 5000 A/m,I = 1500 A/(ms), D = 5 As/m). 


The implementation of the controller depends on the integration method. When using 
a MATLAB solver, a time vector (0: 1/feu : T) can be specified for the integration. At 
the timepoints in the vector, a function computes the controller current. 


When using a fixed step size, the time step size must be h = 1/(N- fentr) with n EN. If 
the time t;n =J/fenr, a New controller current jj is computed with y;.n, which holds until 
tg+1)n. The value y;n is then recomputed once, to account for the new controller cur- 


rent į (tjn, Vin > Ij > Vin > Yjn+1 ` Yjn+2 ` -- until tý41)n)- 


4.3 Numerical investigations 

The performance of different time integration schemes is compared by simulation of 
the test rig. Therefore, a constant rotational speed of 800 rpm is assumed and an 
unbalance of Muru = 2.75-10-*kg m is applied. The initial conditions are stationary 
solutions of the unbalanced rotor system. Between 500 ms and 510 ms a constant 
force of 10N is applied in x-direction at the left AMB’s position. This pulse causes exci- 
tation in a broad frequency band. The considered time is 7.5 s. 


The problem is stiff, as an evaluation using ode45 is very slow and the classical Runge- 
Kutta method fails even for small integration step sizes (e.g. h = 1ms/100). Thus, the 
results of these methods are not shown here. Only the results for ode15s and the 
unconditionally stable methods BDF2 and Newmark’s method are compared. Here the 
simplified Newton iteration is used for BDF2. Suitable step sizes are chosen based on 
simulation speed and on accuracy of the results. BDF2’s simulation time is relatively 
long, so a large step size was chosen. Newmark’s method is fast, so a smaller step size 
could be chosen. The evaluation times for the different methods and the chosen time 
steps are collected in the lower part of Figure 5. For odei5s relaxed tolerances 
(RelTol = AbsTol = 10-*) are chosen to improve the computation time. 


Newmark’s method provides the best computation time. BDF2 takes more than 12 
times as long. The variable step solver ode15s is in between. 


A DFT of the disc’s displacement in x-direction without windowing is computed for 
t=0.5...6.5 s which corresponds to 80 revolutions of the shaft since the force pulse 
starts. The results are shown in the upper part of Figure 5. 


At 800/60 Hz ~ 13.33 Hz is the peak from the unbalance. It is the same for all 
methods, the stationary deflection is thus correctly represented by all methods. The 
peak at approx. 17Hz corresponds to the first bending eigenfrequency of the rotor 
system. It is well resolved by all three methods. 


The resonances appear at approx. 174 Hz and 182 Hz with the Newmark and ode15s 
method. The split of the eigenfrequencies results from gyroscopic effects. These 
eigenfrequencies are not adequately captured by BDF2. For BDF2 the peaks cannot be 
distinguished and appear as a single peak at a lower frequency. This is an effect of the 
large numerical damping of the method. Eigenfrequencies between 17 Hz and 170 Hz 
do not produce significant peaks, as they are not sufficiently excited and their 


491 


corresponding eigenmodes show vibration nodes in the vicinity of or exactly at the 
disc’s position. Newmark’s method shows a very small peak at about 113 Hz. This 
peak cannot be seen for ode15s. When zooming in, the entire curve for ode15s looks 
less smooth than the other curves, because of switching the order of the underlying 
BDF method and the variable step sizes of the method inside of the integration 
algorithm. 


In summary Newmark’s method shows the best results and it has the shortest compu- 
tation time. It also represents resonances of the system well. 


ode15s 
— — —BDF2 
aa Newmark 


on 

‘a 

0 50 100 150 200 
f/Hz 

Newmark, h=1/8 ms =m 1328 


BDF2, h=1/2 mS memm 9373 time / s 
ode15s, h variable 4417 


Figure 5. Comparison of results for test rig simulation. 


Table 1. Computation times for test rig simulation with Newmark’s 
method. 


h 1 ms/8 | 1ms/16 | 1 ms/32 | 1 ms/64 | 1 ms/128 


CPU time | 1328s | 2566s 5016s 9983 s 19892 s 


Because Newmark’s method shows very good results for a relatively short computa- 
tion time, its behaviour for decreasing the step size is investigated. The step size is 
reduced by h = 1 ms/2", with n €N. 


Table 1 shows the CPU times for smaller step sizes. The simulation time increases 
approximately linear with the number of time steps ~2”. Newmark’s results converge 
for decreasing the step size. 


4.4 Experimental validation 

For validation of the simulation a comparison to experimental results from the mag- 
netic bearing test rig is performed. The results will be compared by evaluating an 
exemplary frequency response function (FRF) for the test rig. Figure 6 and Figure 7 
show amplitudes of an FRF for excitation using the left magnetic bearing and response 
measurement of the leftmost eddy current sensor that is integrated in the housing. 


The setup is analogue to the previous section (800 rpm, unbalance). As excitation 
signal a chirp signal from 0 to 200 Hz is applied, instead of the pulse in the previous 
section. The signal is 1.5-s long and is repeated 4 times. Similar to section 4.3, 
MATLAB’s odei5s, simplified BDF2 with h=1/2ms and Newmark’s method with 
h = 1/8 ms are used. The FRF is computed by using the open-source MATLAB experi- 
mental-modal-analysis-toolbox Abravibe [22], that accompanies Branpt’s text book 
[23]. For simulation a rectangular window is used. 
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In the experiment a burst random excitation with band-limited white noise (limited 
to 200 Hz) is used. Excitation for 0.5s is followed by 1.5s pause. The excitation 
signal is repeated 100 times. The force is not measured at the test rig, but it is esti- 
mated from a static model using the electric current of the AMB and the displace- 
ment of the shaft inside of the AMB: F = f(x,J). A half-sine window and 67% overlap 
is applied to the experimental signals to reduce leakage. The resulting FRF is also 
computed using Abravibe. The results are compared in Figure 6 and Figure 7. 


Similar to section 4.3, the ode15s integration and Newmark’s integration yield similar 
results. The BDF2 integration cannot properly reproduce higher eigenfrequencies with 
the chosen step size. 


—+— Experim 
odei5s 
= = = BDFZ 

pariah: Newmark 


f/Hz 


Figure 6. Frequency response function for the test rig in double log 
representation. 
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Figure 7. Frequency response function for the test rig. 


Table 2. Comparison of eigenfrequencies with experimental results. 


Experiment | 17Hz | 53Hz | 95Hz | 109Hz | 163Hz | 170Hz 


Simulation 17Hz | 70Hz | 99Hz | 113Hz | 173Hz | 181Hz 


Table 2 compares the eigenfrequencies of the system, that are read from the peak’s 
positions of Newmark’s curve in Figure 7. 


The first peak in the FRF results from the unbalance force. It does not correspond to 
an eigenfrequency of the system. The first eigenfrequency at approx. 17Hz is well 
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represented by the simulation. The second eigenfrequency in Table 2 appears to have 
much more damping in the simulation. The third and fourth eigenfrequency only show 
very small peaks in the simulated FRF. All simulation eigenfrequencies are higher than 
in the experimental case. This corresponds to the results of [19], where the underlying 
rotor model was built and compared to experimental results performing modal ana- 
lysis. For a better agreement, the rotor model has to be updated to better represent 
the experimental system. 


For frequencies over approx. 70 Hz the simulation FRF has a much higher amplitude, 
than in the experimental case. This may be due to errors in the positioning of the dis- 
placement sensors. Positioning has large influence, since the measurement position is 
close to a node of vibration modes above 70 Hz, induced by the bearings. Also, the 
forces for the experimental FRF are statically estimated from the desired electrical cur- 
rent. The real current in the coils is not measured here. It is expected, that for rising 
frequency the amplifier cannot support the desired current, SO |irea/igesirea| decreases 
for rising frequency, cf. [24, p. 129]. This leads to an overestimation of the forces in 
this experiment, i.e. an underestimation of the frequency response function amplitude 
|H| = |x/F| in the experiment. 


The FRF-amplitude for 0 Hz agree reasonably well between experiment and simula- 
tion. It can be concluded, that the AMB’s coefficients k;,kx, see eq. (13) are 
sufficiently identified. However, the simulation of the AMBs using a discrete PID 
control law results in bearings that provide more damping than in the experimental 
case. 


—+— Experiment 
=-=- Newmark h = 1/2 ms 
— — — Newmark h = 1/8 ms 
Newmark h = 1/32 ms 
Newmark h = 1/128 ms 


Figure 8. Frequency response function for the test rig with Newmark’s 
method. 
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Figure 9. Frequency response function for the test rig with BDF2-method. 
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Figure 10. Comparison of integration times for decreasing step size. 


Decreasing the time step size, does not improve the agreement between experimental 
and simulated results. In fact, for Newmark’s method, a decrease in the step size does 
not significantly change the simulation results, as already implied in section 4.3. So, 
a step size of h = 1/8 ms for Newmark’s method is sufficient. A comparison of resulting 
FRFs is depicted in Figure 8. 


The bad results from the BDF2 method in Figure 7 can be improved by reducing the 
time step. The results are shown in Figure 9. Newmark’s method is given as 
a reference. However, for BDF2 the simulation times are too large compared to 
Newmark’s method and ode15s in order to be reasonable for practical use. 


A comparison of simulation times is given in Figure 10. Newmark’s method shows the 
best performance here. It uses little computation time and the results converge to the 
results of the other methods. However, there is a distinct difference between the over- 
all simulation results for all integration methods and the experimental results. 


The result of the validation is that the general dynamic behaviour of the system can be 
recognized in the measurements, but further investigations are needed to detect the 
strong differences in the FRF amplitudes. 


5 CONCLUSION 


In this contribution typical time integration schemes for dynamic simulation of 
mechanical systems were compared. The fixed-step methods Runge-Kutta method, 
backward differentiation formulas, Newmark’s constant average acceleration 
method and MATLAB specific adaptive time stepping algorithms ode45, odei5s 
were compared. 


Using a simple two-mass-oscillator as example showed that the explicit Runge- 
Kutta method and ode45 provide very good results, if the problem is not stiff and if 
the ODE function evaluation is not too expensive. However, if the problem is stiff or 
if the ODE function evaluation is expensive, implicit methods (Newmark, BDF, 
odei5s) are a better choice. 


The realistic test problem of the rotor in magnetic bearings with a discrete PID- 
controller is a stiff problem, so only implicit methods are reasonable for this case. 
Newmark’s method proved to be the fastest method, which also provides good results. 
The simulations could be validated by comparison with experimental frequency 
response functions. However, there are some uncertainties in the experimental setup 
and in parameter values for its simulative representation. 


Further studies should focus on improving the experimental setup, i.e. identifying suit- 
able parameter values. 


The simulation program may be extended by applying adaptive time stepping for New- 
mark’s methods, for example according to [25, p. 285ff]. 
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However, for the application of time integration in real-time hybrid sub-structuring 
only fixed-time-step methods are applicable, because their integration time should be 
known in advance. A possible application could be to simulate a rotor shaft with discs 
and couple it with an experimental setup involving the AMBs, because the AMBs’ 
behaviour is hard to model, while the shaft should be easier to simulate. 


REFERENCES 


[1] 


[2] 


[3] 


[4] 


[5] 


[6] 


[7] 


[8] 


[9] 


[10] 


[11] 


[12] 


[13] 


R. G. Kirk and E. J. Gunter, “Transient Response of Rotor-Bearing System,” in 
Design Engineering Technical Conference, Cincinnati, Ohio, USA, 1973. DOI: 
10.1115/1.3438383. 

K.-C. Lee, D.-K. Hong, Y.-H. Jeong, C.-Y. Kim and M.-C. Lee, “Dynamic Simulation of 
Radial Active Magnetic Bearing System for High Speed Rotor using ADAMS and 
MATLAB Co-simulation,” in 8th IEEE International Conference on Automation Sci- 
ence and Engineering, Seoul, Korea, 2012. DOI: 10.1109/CoASE.2012.6386492. 
O. Halminen, A. Kärkkäinen, J. Sopanen and A. Mikkola, “Active magnetic 
bearing-supported rotor with misaligned cageless backup bearings: A dropdown 
event simulation model,” Mechanical Systems and Signal Processing, vol. 50, 
pp. 692-705, 2015. DOI: 10.1016/j.ymssp.2014.06.001. 

A. S. Lee, B. O. Kim and Y.-C. Kim, “A finite element transient response analysis 
method of a rotor-bearing system to base shock excitations using the 
state-space Newmark scheme and comparisons with experiments,” Journal of 
Sound and Vibration, vol. 297, pp. 595-615, 2006. DOI: 10.1016/j. 
jsv.2006.04.028. 

J. Maierhofer, M. Kreutz, T. Mulser, T. Thümmel and D. J. Rixen, “AMrotor - 
A MATLAB Toolbox for the Simulation of Rotating Machinery,” in Vibrations in 
Rotating Machinery, Liverpool, 2020. 

G. Genta, C. Delprete and D. Bassani, ‘DYNROT A finite element code for rotor- 
dynamic analysis based on complex co-ordinates,” International Journal for 
Computer-Aided Engineering and Software, vol. 13, no. 6, pp. 86-109, 1996. 
DOI: 10.1108/02644409610128427. 

DELTA JS AG, “MADYN 2000 - Release notes versions 3.1 to 3.3,” 16 07 2009. 
[Online]. Available: https://www.delta-js.ch/en/software/release-notes/. 
[Accessed 01 07 2020]. 

J. Schmied and A. Fuchs, “Nonlinear analyses in rotordynamic engineering,” in 
International Conference on Rotor Dynamics, Cham, 2018. DOI: 10.1007/978- 
3-319-99270-9_31. 

R. G. Kirk, E. J. Gunter and W. J. Chen, “Rotor drop transient analysis of AMB 
machinery,” in International Design Engineering Technical Conferences and 
Computers and Information in Engineering Conference, Long Beach, California, 
USA, 2005. DOI: 10.1016/j.ymssp.2014.06.001. 

Rotating Machinery Analysis, Inc., XLRotor - Reference Guide Version 5.7, Bre- 
vard, NC, USA, 2020. 

R. Timbo, R. Martins, G. Bachmann, F. Rangel, J. Mota, J. Valério and T. G. Ritto, 
“ROSS - Rotordynamic Open Source Software,” Journal of Open Source Soft- 
ware, vol. 5, no. 48, 2020. DOI: 10.21105/joss.02120. 

P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T. Reddy, D. Cournapeau, 
E. Burovski, P. Peterson, W. Weckesser, J. Bright, S. J. van der Walt, M. Brett, 
J. Wilson, K. J. Millman and M, “SciPy 1.0 - Fundamental Algorithms for Scientific 
Computing in Python,” Nature Methods, vol. 17, pp. 261-272, 2020. DOI: 
10.1038/s41592-019-0686-2. 

L. F. Shampine and M. W. Reichelt, “The MATLAB ODE Suite,” SIAM Journal on 
Scientific Computing, vol. 18, no. 1, pp. 1-22, 1 1997. DOI: 10.1137/ 
S1064827594276424. 


496 


[14] 


[15] 


[16] 
[17] 


[18] 


[19] 


[20] 


[21] 


[22] 
[23] 
[24] 


[25] 


G. Barwolff, Numerik für Ingenieure, Physiker und Informatiker, 2016. DOI: 
10.1007/978-3-662-48016-8 

J. Dormand and P. Prince, “A reconsideration of some embedded Runge—Kutta 
formulae,” Journal of Computational and Applied Mathematics, vol. 15, no. 2, 
pp. 203-211, 6 1986. DOI: 10.1016/0377-0427(86)90027-0. 

L. F. Shampine, I. Gladwell and S. Thompson, Solving ODEs with MATLAB, Cam- 
bridge University Press, 2003. DOI: 10.1017/CBO9780511615542. 

M. Géradin and D. J. Rixen, Mechanical Vibrations - Theory and Application to 
Structural Dynamics, 3 ed., Wiley & Sons, Ltd, 2015. 

R. Tiwari, Rotor Systems, Boca Raton: CRC Press, 2017. DOI: 10.1201/ 
9781315230962. 

M. Kreutz, J. Maierhofer, T. Thümmel and D. J. Rixen, “Modaler Modellabgleich 
eines Rotors in Magnetlagern,” in Sechste IFTOMM D-A-CH Konferenz, Lienz, 
Osterreich, 2020. DOI: 10.17185/duepublico/71192. 

J. Maierhofer, M. Gille, T. Thümmel and D. J. Rixen, “Using the Dynamics of 
Active Magnetic Bearings to perform an experimental Modal Analysis of a Rotor 
System,” in 13th International Conference on Dynamics of Rotating Machinery, 
Copenhagen, Denmark, 2019. DOI: 10.13140/RG.2.2.26743.16809. 

J. Maierhofer, C. Wagner, T. Thümmel and D. J. Rixen, “Progress in Calibrating 
Active Magnetic Bearings with Numerical and Experimental Approaches,” in Pro- 
ceedings of the 10th International Conference on Rotor Dynamics - IFToMM, 
2018. DOI: 10.1007/978-3-319-99272-3_18. 

A. Brandt, “ABRAVIBE - A MATLAB toolbox for noise and vibration analysis,” 
2019. [Online]. Available: http://www.abravibe.com. 

A. Brandt, Noise and Vibration Analysis: Signal Analysis and Experimental Pro- 
cedures, Wiley, 2011. DOI: 10.1002/9780470978160 

G. Schweitzer and E. H. Maslen, Magnetic bearings, Berlin, Heidelberg: Springer, 
2009. DOI: 10.1007/978-3-642-00497-1. 

M. Geradin and A. Cardona, Flexible Multibody Dynamics A Finite Element 
Approach, John Wiley & Sons Ltd., 2001. 


497 


12th International Conference on Vibrations in Rotating Machinery - 
Institution of Mechanical Engineers, ISBN 978-0-367-67742-8 


Vibration monitoring of a large rotor 
utilizing internet of things based on-shaft 
MEMS accelerometer with inverse encoder 
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ABSTRACT 


Typically, accelerometer-based vibration measurements of rotating machinery are 
conducted with sensors mounted to a static part of the machine. Now, with increasing 
accuracy of compact and low powered microelectromechanical systems (MEMS) accel- 
erometers, on-shaft vibration measurements have become an interesting research 
topic. MEMS sensors are optimal for internet of things (IoT) applications and wireless 
measurements, which makes on-shaft measurements more convenient. However, 
typically in wireless applications, the sample clock is time-based, and thus the data is 
not bound to the phase of the rotating rotor. In this research, a novel wireless sensor 
unit with an inverse encoder is mounted to the end of a large rotor to investigate the 
dynamic behavior of the rotor. In addition, a method to separate the vertical and hori- 
zontal vibration from the sensor data is studied. 


1 INTRODUCTION 


Vibration measurement is a crucial part of the condition monitoring of a rotating 
machine and accelerometers are commonly used to measure the vibrations. Typically, 
these sensors are wired piezoelectric accelerometers, and they are mounted to 
a static part of the machine, such as a bearing housing or frame (1)-(5). However, in 
recent years cost-effective, compact and low powered microelectromechanical sys- 
tems (MEMS) accelerometers have become a popular option to replace the piezoelec- 
tric sensors. Several different types of MEMS accelerometer sensing schemes have 
been developed, such as piezoresistive (6) and capacitive (7), (8), (9), (10) based 
sensing elements. Capacitive sensing elements are commonly used due to their good 
noise performance, high sensitivity and low temperature sensitivity (7). Piezoelectric 
and MEMS accelerometers have been studied and compared to determine whether the 
MEMS sensor can measure the same phenomenon as a piezoelectric sensor (1), (2), 
(4), (5), (11). MEMS accelerometers have shown promising results, and in many situ- 
ations, the piezoelectric accelerometer could be replaced with a MEMS sensor. How- 
ever, the noise level has been higher compared to the piezoelectric accelerometers, as 
Koene et al. (4) pointed out in their research. 


The low power consumption of the MEMS sensors enables using a battery as 
a power source. With a battery as a power source, wireless data transfer is benefi- 
cial as the cables can be eliminated. The wireless measurement gives a new 
opportunity to measure rotor behavior by mounting the sensors directly to the 
rotating part of the machine. Elnady et al. (12), (13), Jiménez et al. (14) and 
Feng et al. (15) have studied condition monitoring of a rotating machine by 
mounting a MEMS accelerometer to the rotor. Elnady et al. (12), (13) mounted 
a two-axis accelerometer to the surface of the rotor, as well as two one-axis accel- 
erometers to the bearing housing of the same rotor, to study lateral vibrations. 
Because the sensor was not aligned with the central axis of the rotor, the acceler- 
ometer measured radial and tangential accelerations. They conducted a sweep 
measurement and noticed that the vibration peaks did not occur at the same 
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frequency in the bearing housing accelerometer data and on-shaft accelerometer 
data. In the on-shaft accelerometer data, the vibration peaks were observed at 
two different frequencies, which had a mean frequency coinciding with the corres- 
ponding peak frequency from the bearing housing (12). Jimémez et al. (14) 
observed the same phenomenon when they did impact tests with their test rotor. 


Jimémez et al. (14) aligned a two-axis MEMS accelerometer with the rotor central 
axis. They analyzed the measurement data to solve the radius of the rotor orbit 
and the velocity of the rotor. They also conducted impact measurements to 
observe the natural frequency of the system. Feng et al. (15) studied compressor 
condition monitoring by mounting a MEMS accelerometer to the flywheel of the 
compressor. They studied a method on how to eliminate the gravitational acceler- 
ation from the rotating accelerometer data. Their results indicate that the on-shaft 
sensor can be used to detect the common fault types of their test compressor. In 
addition to rotor condition monitoring, wind turbine condition monitoring has 
adopted piezoelectric and MEMS accelerometers (16)-(19). With wind turbines, 
the accelerometers can be mounted to the wind turbine frame (18), (19), or to 
the rotating blades itself (16)-(18). Typically, in these cases, several accelerom- 
eters are used simultaneously, which requires designing and studying sensor net- 
works (18), (19). It is also possible to adopt these sensor networks to another 
rotating machine condition monitoring application, where monitoring several rotat- 
ing parts is required. 


This paper presents a novel on-shaft MEMS accelerometer unit, which has an 
inverse encoder, and a novel method to separate the vertical and horizontal vibra- 
tion from the accelerometer data. The inverse encoder signifies an encoder, which 
rotates with the rotor, and the encoder shaft is mounted to a static part of the 
machine. The code wheel of the encoder is mounted to the encoder shaft; hence 
the code wheel is fixed in the Earth’s coordinate system and does not rotate as 
with typical encoders. In the inverse encoder, the light sensors measuring the 
code wheel rotates with the rotor, which eliminates the need for slip rings when 
using an encoder as a sample clock with an on-shaft sensor. The internal timer of 
the sensor unit can be used as a sample clock as well, which enables the possibil- 
ity to study two different sampling clock methods. 


2 METHODS 


2.1 Proposed sensor unit and reference sensor 

The proposed sensor unit consists of ESP32 internet of things (IoT) platform (Espressif 
Systems), AD7682 analog to digital converter (ADC) (Analog Devices), ADXL354 
3-axis MEMS accelerometer (Analog Devices) and AMT102 encoder (CUI devices) with 
1024 pulses per revolution and reference pulse, which occurs once per revolution. 
Figure 1 presents the sensor unit. The specification of the parts can be found from 
Tables 1, 2 and 3. The measurement range of ADXL354 in the measurements was +8 
g, which signifies the sensitivity of 100 mV/g. The sensor unit can also be defined to 
use a 10 kHz time-based sample clock (TBSC) for the measurement instead of the 
encoder. The TBSC was used to study the phase tracking ability of the sensor unit 
when the phase information was purely deducted using the MEMS data, which shows 
the direction of gravity. In these comparisons, the phase accuracy was compared to 
the inverse encoder data. 
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_ shaft © 


Figure 1. A) Sensor unit and b) components of the sensor unit. 


To validate the measurements, a similar IoT sensor, which is verified by Koene et al. 
(4), was used. It had ADXL355 MEMS accelerometer, which has the same sensing 
elements as in ADXL354. Specifications of ADXL355 are presented in Table 3, and the 
same measurement range was used as with the ADXL354. 


Table 1. Specifications of ESP32 IoT platform. 


ESP32 
Tensilica Xtensa 32-bit LX6 


Specifications 


Microcontroller Unit 


Cores 


Clock frequency (MHz) 
SRAM (KiB) 

802.11 b/g/n WI-FI 
GPIO 

SPI/I2C interfaces 


Table 2. Specifications of AD7682 ADC. 


Specifications 


AD7682 


Channels 


4 


Resolution 


16 bits 


Throughput 


250 kS/s 


Interface 


500 


SPI 


Table 3. Specifications of ADXL354 and ADXL355 accelerometers. Used 
values are bolded. 


Specifications ADXL354 ADXL355 


Measurement range | +2/8 g +2/4/8 g 
Axis 3 3 


Bandwidth 1500 Hz 1000 Hz 
Sensitivity 400/100 mV/g | 3.9/7.8/15.6 ug/LSB 


2.2 Test setup 

Tests were conducted with full-size paper machine roll, which weighs around 700 kg 
and is 5 meters long. The sensor unit was mounted to the rotor end, and the reference 
sensor was mounted to the bearing housing. Figure 2 a) presents the test rotor, and 
Figure 2 b) presents the sensor setup. 


— & ~ 


Figure 2. A) Test rotor, which weighs around 700 kg and is 5 meters long. b) 
Sensor setup with the sensor unit and reference sensor. The coordinate 
system with u- and v-axis indicate the orientation of two of the axes of the 
MEMS accelerometer inside the sensor unit. One axis of the MEMS accelerom- 
eter was coaxial with the axis of the rotor, but it was not used during the pre- 
sent study. 


The measurements were done with a rotor velocity of 500 rpm (8.33 Hz), and at 
least 100 rounds were measured. Two measurements were made with the sensor 
unit: one with the encoder-based sample clock (EBSC) and one with the time-based 
sample clock (TBSC). During both measurements, the reference sensor was meas- 
uring simultaneously as well.t 


2.3 Data analyses 

In the case of TBSC measurement, the rotor phase was calculated from the gravita- 
tional component of the signal from both u- and v-axis. The calculation process is pre- 
sented below and in Figure 3 as a block diagram. 


501 


1. Lowpass filter the frequencies above the rotation speed from the data 
2. Determine the phase of a measurement sample with the following equations: 


a(a) =a,(n) - cos(a) + a(n) - sin(c) (1) 


a(n) = argmax(a(1)) (2) 


Where a, is the u-axis acceleration value, ay is the v-axis acceleration value, a is the 
angle and n is the sample number. The equation (2) finds the a value, which has the 
highest acceleration based on equation (1) and that a is the phase of the sample. The 
phase is calculated with 0.1 degree accuracy. 


Take next 
sample 


Lowpass filter 
data 


Finished 
phase vector 


Tke nirstisampla Insert values to Find Save angle (a) 
ji arg max(a(a 
ais data equation (1) g max(a(a)) to phase vector 


Figure 3. Method how to calculate a phase with the gravitation component of 
the sensor data. 


Typically, lateral vibrations are measured in horizontal and vertical directions; how- 
ever, in a case where the sensor rotates with the rotor, the sensor axis direction does 
not stay constant in the Earth’s coordinate system. Hence, here is presented a method 
to separate the horizontal and vertical vibration from rotating sensor data with 
a rotation matrix: 


A cep ER] 6) 


Where x is horizontal vibration, y is vertical vibration, a is the phase, a, and a, are the 
sensor data, and n is the sample number. The sensor axis u and v are marked in 
Figure 2 b). The vibration frequencies of the vertical and horizontal data were calcu- 
lated with fast Fourier transform (FFT) (20). 


2.4 Calibration 

The sensor unit was calibrated after mounting it to the rotor by utilizing the gravitation. 
The calibration revealed the relation between the ADC output and the acceleration. Cali- 
bration measurement was made by rotating the test rotor 100 rounds with 10 rpm vel- 
ocity. The encoder was used as a sample clock. Because the sensor was aligned with the 
rotor central axis and the rotor was rotated with a very low velocity, the only significant 
acceleration component affecting the sensor was the gravitation. The sensor was cali- 
brated by analyzing the measurement data, as presented in Figure 4 and below: 


1. Calculate one round average from the ADC output 

2. Find the maximum, minimum and mean values for the one round average 
a. The maximum value is equal to 1 g 
b. The minimum value is equal to -1 g 
c. The mean value is equal to 0 g 
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3. Calculate the conversion coefficient to convert the ADC output to m/s? with 
the following equation: 


9813 x2 
k= L2 At (4) 
max — min 
Where max is the axis maximum value and min is the axis minimum value. The con- 
version coefficient is calculated to both u- and v-axis. The final equation to convert the 
ADC output to m/s? is for the u-axis: 


a(n) = (ADC, (n) — mean,) x ky = (ADC, (n) — 32702) x 0.0028 (5) 


Where ADC, is the u-axis ADC output, mean, is the u-axis mean value, ku is the u-axis 
conversion coefficient and n is the sample number. For v-axis, the equation is as 
follows: 


a(n) = (ADC, (n) — meany) x ky = (ADC,(n) — 32737) x 0.0027 (6) 


Where ADC, is the v-axis ADC output, mean, is the v-axis mean value, ky is the v-axis 
conversion coefficient and n is the sample number. The meany and meany, and ku and 
ky values are calculated from the calibration measurement data and those same 
values were used to convert the measurement data from the ADC output to m/s”. The 
phase offset of the encoder is determined by using the maximum value of the one 
round average, which indicates a 90-degree phase. 
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Figure 4. Calibration process and conversion from ADC values to 
acceleration. 


3 RESULTS 


Figures from 5 to 11 presents the test results from the 500 rpm measurements. The 
sensor unit measurement results are presented in three different ways, which are 
listed below: 
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1. measurements with the encoder-based sample clock (EBSC) and encoder- 
based phase (Figures 5 a), 6a), 7a),8a),9a)andiia)), 

2. measurements with the time-based sample clock (TBSC) and gravity-based 
phase (Figures 8 b) and 9 b)), 

3. and measurements with the encoder-based sample clock (EBSC) and gravity- 
based phase (Figure 11 b)). 


The last category is used to compare how two differently determined phases effect to 
the coordinate transformation of the same measurement data. 


3.1 Encoder-based sample clock measurement 

Figures 5 and 6 present the sensor unit data with the EBSC and encoder-based phase 
after the coordinate transformation, as well as the reference sensor data. In Figure 5, the 
results are similar in the horizontal direction (x-axis). The same vibration peaks can be 
observed from both the proposed and reference sensor data, and the horizontal natural 
frequency is visible as well, being approximately 20.9 Hz. However, the amplitudes differ 
from each other. 


When comparing the vertical vibrations (Figure 6), there are more differences. The 
amplitudes have more deviation between the sensors: the reference sensor has 
approximately 20 times lower highest vibration peak than the sensor unit data. The 
vertical natural frequency is approximately 29.2 Hz, and it is the highest peak in the 
reference sensor measurements. However, in the sensor unit measurement, the nat- 
ural frequency peak is visible, but amplitude is low compared to the other peaks. 


Figure 7 b) presents the raw u-axis acceleration data of the same EBSC measurement and 
Figure 7 a) presents the coordinate transformed data shown in the Figure 5 a). In the raw 
acceleration data, the vibration frequencies are presented as two peaks (sidebands), which 
are approximately 16.6 Hz (two times the rotation frequency, 8.3 Hz) apart from each 
other. The average of the peaks is the frequency measured from the bearing housing or 
observed after the coordinate transformation. The phenomenon is caused by an amplitude 
modulation. Because the sensor is rotating with the rotor, the direction of the sensor axes 
changes in the Earth’s coordinate system. However, the vibration direction stays constant 
in the Earth's coordinate system, which causes the vibration amplitude to modulate in the 
sensor coordinate system depending of the sensor angle in the Earth’s coordinate system. 
The amplitude change occurs at the rotation frequency, which causes the sidebands to 
appear at both sides of the vibration frequency with an offset of rotation frequency. 
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Figure 5. Horizontal (x-axis) vibration at 500 rpm (8.3 Hz) in the frequency 
domain. a) Sensor unit measurement with the encoder-based sample clock 
and b) reference sensor measurement from the bearing housing. RPS means 
rounds per second, which is equal to the rotation frequency. 
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Figure 6. Vertical (y-axis) vibration at 500 rpm (8.3 Hz) in the frequency 
domain. a) Sensor unit measurement with the encoder-based sample clock, 
b) reference sensor measurement from the bearing housing with the same 
y-axis scale as in a) and c) scaled plot from the reference sensor measure- 
ment. RPS means rounds per second, which is equal to the rotation 
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Figure 7. Comparison between horizontal coordinate transformed and raw 
u-axis sensor unit data in the frequency domain from the encoder-based 
sample clock measurement. a) horizontal coordinate transformed data and 
b) raw u-axis sensor unit data. The averages of the marked frequency peaks 
in b), are the same values as in the coordinate transformed data. The values 
presented in b), are the average of the frequency peaks where the same col- 
ored arrows point. This is caused by an amplitude modulation of the meas- 
ured signal due to the sensor rotating. 
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3.2 Time-based sample clock measurement 

Figures 8 and 9 present the same data from the EBSC measurement as in Figures 5 
and 6, and the measurement data from the TBSC measurement, with the gravity- 
based phase, after the coordinate transformation. Some peaks can be observed in 
both figures in the vertical and horizontal directions. Most significant differences occur 
at the rotation frequency and two times rotation frequency. In the horizontal vibra- 
tions, the amplitude of the two times rotation frequency is significantly lower in the 
EBSC measurement than in the TBSC. In the vertical vibrations, the magnitudes of the 
amplitude differences were not as high. 


0.1 ] 0.1 
a) 33 1 Hz b) 33.1 Hz 


[=] 
o 
© 

bag 

=) 
© 


a a 

2 2 

E £0.06} 
v v 

ne} ne] 

2 2 

5 0. = 0.04 | 
£ £ 

< < 


0 10 20 30 40 50 0 10 20 30 40 50 
Frequency (Hz) Frequency (Hz) 


Figure 8. Horizontal (x-axis) vibration at 500 rpm (8.3 Hz) in the frequency 
domain. a) Sensor unit measurement with the encoder-based sample clock 
and b) sensor unit measurement with the time-based sample clock. RPS 
means rounds per second, which is equal to the rotation frequency. 
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Figure 9. Vertical (y-axis) vibration at 500 rpm (8.3 Hz) in the frequency 
domain. a) Sensor unit measurement with the encoder-based sample clock 
and b) sensor unit measurement with the time-based sample clock. RPS 
means rounds per second, which is equal to the rotation frequency. 


3.3 Comparison of phase calculating methods 

Figure 10 presents the phase difference between the two different methods for calcu- 
lating the phase: one that utilized the encoder and one that utilized the gravitational 
components of the MEMS sensor data. Both methods were applied to the 500 rpm 
EBSC measurement. The phase was constantly shifted approximately 1.9 degrees, and 
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there was an oscillation in the form of a sine wave. It was assumed that the encoder 
based phase determination was correct; this suggests that gravity-based phase deter- 
mination lags ca 1.9 degrees and has oscillation in the range of 1-2.5 degrees. 
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Figure 10. Difference of encoder-based sample clock sensor unit measure- 
ment with both phase calculation methods. a) is from 100000 samples and 
b) is a closeup of 50000 to 60000 samples. The x-axis is the sample count of 
the measurement. 


Figure 11 presents the horizontal vibration of the data of the EBSC measurement with 
both phase-calculating methods. Figure 11 a) presents the results with the encoder- 
based phase and Figure 11 b) presents the results with the gravity-based phase. Simi- 
lar results can observe as in Figure 8: the most significant difference appears in the 
amplitude of the two times rotation frequency (2XRPS, 16.6 Hz) peak. However, there 
is an amplitude difference in the horizontal natural frequency as well. Nevertheless, 
both methods present the same frequency peaks, even though there was a small dif- 
ference in the phases depending on the calculating method. 
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Figure 11. Horizontal vibration of the 500 rpm encoder-based sample clock 
measurement in the frequency domain. a) presents the results of 
a coordinate transformation made with the encoder-based phase and b) pre- 
sents the results of coordinate transformation made with the gravity-based 
phase. 
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4 DISCUSSION 


The results showed that it is possible to separate the horizontal acceleration data 
from the rotating sensor data; however, there were some difficulties in separating 
the vertical data. The reason for this may be that the amplitudes of the signal in 
vertical direction were significantly lower. The lower amplitudes can be observed 
from the reference measurement from the bearing housing. The highest amplitude 
in the vertical direction was approximately 0.0025 m/s? when in the horizontal dir- 
ection, it was approximately 0.06 m/s”. The amplitude differences are caused by 
the different stiffnesses in the vertical and horizontal directions of the test bench 
foundation. In the vertical direction, there were some of the same frequency peaks, 
which were observed in the horizontal direction. The higher magnitude vibration of 
the horizontal direction may have caused the vibrations to be visible in the vertical 
direction as well. However, the horizontal natural frequency is not visible in the ver- 
tical data, which indicates that the separation of the vertical data from the horizon- 
tal one may be possible. Nevertheless, the horizontal results were promising. Both 
on-shaft and reference sensors observed the same frequency peaks. 


The comparison between the TBSC and EBSC sensor unit measurements showed 
that no significant differences occur depending on the sampling clock method. The 
most significant differences appear in the amplitudes of the rotation frequency and 
at twice the rotation frequency. The reason for that may be the different methods 
for calculating the phase. The horizontal natural frequency (20.9 Hz) can be 
observed from both figures. The vertical natural frequency can be observed from 
both measurements as well, but the amplitudes are quite low. However, if the verti- 
cal natural frequency peak amplitudes of the time and encoder-based sample clock 
sensor unit data is compared to the amplitude of the reference measurement, they 
are in the same range. The EBSC measurement, TBSC measurement and the refer- 
ence measurement have a vertical natural frequency amplitude of 0.0020 m/s?, 
0.0033 m/s”, and 0.0025 m/s?, respectively. However, the reference sensor and 
proposed sensor unit were mounted to different parts of the machine, which may 
affect the amplitudes. 


The results showed a promising start for separating the horizontal and vertical 
vibration of a rotating two-axis accelerometer. The horizontal vibration was separ- 
ated well from the raw measurement data; however, the vertical vibration was not 
as clear as the horizontal. Hence, separating the vertical and horizontal vibration 
needs to be studied more, and one way to do it is to use the sensor unit in a test 
rotor bench were the magnitude of the vertical and horizontal vibrations are more 
similar to each other. 


Still in many applications, the accelerometer mounted to the static part of the 
machine is better way of measuring the machine vibrations. However, in some 
machines it is not possible to measure the vibrations effectively from a static part of 
the machine. In these applications, on-shaft accelerometers could be used. On- 
shaft accelerometers also opens new possibilities to study machine condition moni- 
toring and to measure other aspects of machines such as, lateral vibrations or cen- 
tral point movement. Lateral vibrations could be measured from the rotor, if the 
accelerometer is mounted with a small offset from the central axis. This would be 
a cost-effective method to measure the lateral vibrations with minimal measure- 
ment setup process. The central point movement is typically not measured in rotat- 
ing machines because it is expensive, or the measurement instruments cannot fit 
close enough to the rotating part. The sensor unit could be mounted inside of 
a rotor or even several places in one rotor. This way, the central point movement 
could be determined from different positions of the rotor and find the modal shapes 
affecting it. 
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5 CONCLUSION 


This study presents a novel on-shaft sensor unit with a MEMS accelerometer, inverse 
encoder and wireless data transfer. The encoder rotates with the rotor, and the encoder 
shaft i.e. code wheel is mounted to the static part of the machine. The light sensors 
measuring the code wheel are rotating with the rotor, hence enabling to use of the 
encoder pulse as a sample clock without slip rings. The sampling can also be clocked 
with time, which enables testing of gravity-based phase calculation and comparing the 
result to the encoder-based phase calculations. There were some differences in the 
phases with the different calculating methods. However, when the coordinate trans- 
formation was made with the different phases, the results did not differ significantly. 


The separation of the horizontal and vertical axis from the data of the rotating sensor 
showed promising results. The horizontal vibration was well visible from the data and 
presented the same vibration peaks, as did the reference measurement. However, the 
vertical vibration did not occur as clearly as it did in the reference measurement; 
hence the presented method needs more research. 
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ABSTRACT 


Electrification of transportation is one of the most effective means to reduce emis- 
sions. However, widespread adoption of electric vehicles faces challenges because 
of the limited availability of raw materials of batteries. Because of these concerns, 
hybrid electric technology is seen as an alternative. This paper presents the mech- 
anical design for a rotor-bearing system of a 20 kW micro-gas-turbine-based range 
extender (RE). The RE has an integrated permanent magnet high-speed electric 
generator. Rotordynamic analysis is conducted for a rotor supported by ball bearings 
and squeeze film dampers (SFD). From the results, requirements for the SFD design 
are defined. 


1 INTRODUCTION 


Transition from internal combustion engine (ICE) vehicles to battery electric vehicles (EV) 
is the main target currently in the automobile industry. However, when evaluating this 
transition so far, we see that the transition has not been successful because of the limita- 
tions of the battery electric vehicle. The battery electric vehicle has several drawbacks to 
tackle; the prolonged battery charging time, lack of charging facilities, limited driving 
range due to the low specific energy of Lithium-Ion (Li-Ion) batteries [1]. Furthermore, 
limitations in the amount of raw materials for batteries is a potential drawback limiting 
the pace of increasing the share of battery electric vehicles. Therefore, to overcome this 
problem, range extender (RE) EV is being studied by many researchers as a promising 
solution. New technology should, however, replace the present-day massive ICE-based 
hybrid technology. 


A range extender is an onboard genset that can be used to recharge the car battery 
to extend its driving range. The traction power is generated by an electric motor 
only whereas the genset is purely used for recharging the battery. Hence, when 
using this solution, the driving range can be secured with low battery capacity. Typ- 
ically, 10 kWh net energy in the battery is enough to perform daily commute and 
whenever the battery energy is not high enough the RE starts providing the neces- 
sary average power. A normal family car does not need more average power than 
20 kW. 


Variable types of range extenders are being studied to find the best solution. Avail- 
able types are fuel cell, rotary engines, two- and single cylinder engines, Wankel 
engine and gas turbine engine. Presently, reciprocating engines have higher effi- 
ciency than gas turbines, especially at the lower ends of the power spectrum. 


511 


Consequently, gas turbines have challenges in obtaining feasible efficiency at an 
acceptable cost [2]. The electric efficiencies of single-shaft gas turbines around 
100 kW power is around 30 percent [3], [4], and the efficiencies at lower power are 
even lower. However, despite lower efficiency, small gas turbines have some advan- 
tages when compared to reciprocating engines. The partial load efficiency is higher 
and emissions lower [5], due to continuous combustion. They also offer a wider fuel 
variety (e.g. solar-power-based synthetic fuels) combined with lower emissions, 
and they have smaller maintenance costs. 


Due to benefits in other aspects than efficiency, gas turbines in some cases can offer 
an alternative to reciprocating engines. If the efficiency of small-scale and micro tur- 
bines could be improved, they would be even more competitive. The efforts to improve 
the efficiency advances on several frontiers. For example, there have been studies 
how component efficiency affects the cycle performance [6], studies on how ceramic 
materials can be used to increase the cycle peak temperature and therefore the effi- 
ciency [7]. Furthermore, there have been suggestions that in small scale turbines, the 
expansion and compression, which typically are divided into stages also in small 
machines, could be arranged on separate shafts [8], [9]. The division of compression 
and expansion on separate shafts, which can be controlled independent of each other, 
allow some leeway in the turbomachinery design, component placement, etc. In add- 
ition, the partial load efficiency is better. Two-spool micro-gas-turbine technology is 
seen as a viable high-efficiency and material efficient option for the on-board power 
production in vehicles. 


In this study, a 20 kW micro gas turbine range extender is considered. Mechanical 
design for this range extender is conducted based on the requirement of the system. 
Within limitations set by the required rotation speed and electric machine design, ball 
bearing cartridge with squeeze film damper (SFD) is selected for supporting the rotor 
system. Finally, initial design of the rotor bearing system is evaluated by conducting 
unbalance response rotordynamic simulation. Specifically, in this simulation, the sin- 
gular value decomposition (SVD) method [10] is used for obtaining the worst-case 
scenario. From the results, detailed requirements for the design of the SFD are 
defined. 


2 DESIGN REQUIREMENTS 


2.1 Micro turbine range extender under study 

Considering system’s requirements, such as the desired efficiency and required rated 
power, the range extender is designed based on two-spool, high-speed micro gas tur- 
bine technology. The selected concept is presented in Figure 1. This system consists of 
two rotating shafts. One is a high-pressure (HP) shaft which acts as a gas generator 
and the other is low-pressure (LP) shaft which has the electric generator. Having the 
generator only on the low-pressure shaft keeps the high-pressure shaft simpler, allow- 
ing the possibility to push the turbine inlet temperature of the high-pressure turbine 
higher. 


Initially, the process values (pressure ratios, etc.) are optimized based on the desired 
electrical power output, and these are the preliminary values for the turbomachinery 
design. The design is based on the specific speed Ns depending on the rotational speed 
w, volumetric flow gyi and enthalpy difference Ah, 


@vyqyvı 


MS Ano (1) 


512 


and the specific diameter 
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where D is the actual diameter. In turbomachinery design, it is commonly known that 
each type of turbomachine has some specific speed value within which we can obtain 
the peak efficiency (e.g. see Rodgers [11]), and there is an optimum corresponding 
specific diameter for each specific speed (Cordier line, e.g. see Casey et al. [12]). In 
this instance, the desired power output is relatively low (20 kW), and consequently, 
the design inlet volume flow qvı is relatively small. In addition, as the compression 
and turbine work are divided into two stages, the design pressure ratio and the design 
isentropic enthalpy change Ah, are moderate. The relatively small inlet volume flow 
and the moderate pressure ratio follows that the desired rotational speed will be high 
with respect to typical designs and that the physical size of the impellers is small com- 
pared to typical designs. 
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Figure 1. Schematic diagram of gas turbine range extender under study. 


2.2 Requirements for the rotor-bearing system of LP gas turbine with 
electric generator 

According to the design requirement for the whole range extender system, the per- 
manent magnet (PM) synchronous machine is selected as the type of the electric 
generator. Its main dimensions and rotation speed are decided with the design of 
the turbine and compressor. Here, a cylindrical permanent magnet with 30 mm 
diameter is used in the electric generator excitation. Turbine and compressor are 
designed as radial type for high efficiency. In conclusion, the fundamental design 
requirements for the LP gas turbine with electric generator is defined as in Table 1. 
Specifically, the allowable vibration amplitude is defined as 30 um (0-pk). This cri- 
terion will be used to evaluate the designed rotor system. 


From these requirements, firstly, the magnet retaining sleeve must be designed by 
using stress analysis. This design problem aims to minimize the thickness of the 
sleeve within the constraints that a) the designed sleeve must endure the stress 
generated during high-speed operation, b) radial stress inside the magnet should 
not exceed tensile strength during high-speed operation, c) shrink-fit should 
remain at compression in all conditions. As a result, its material (Inconel 718) and 
thickness (4 mm) was selected as shown in Table 2. The details of this stress ana- 
lysis are not presented in this paper. Secondly, the rotor-bearing system is 
designed with selection of a suitable bearing type. 
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Table 1. Main parameters for RE system design 


Parameters (unit) Values 


For whole RE system design 


Electricity generation efficiency target, % | Min. 40 


Rated output electric generated power, kW | 22 
For rotor-bearing system design 

Rated speed, rpm 101000 

Rotor PM material PM having 1.2 Tremanence at 80 °C 


PM size, mm ø 30x100 (Cylindrical shape) 


Turbine mass, g 74 


Turbine outer diameter, mm 71 


Turbine moment of inertia, kg-m? 


Compressor mass, g 54 


Compressor outer diameter, mm 66 


Compressor moment of inertia, kg-m? 1.88-10° 


Allowable vibration amplitude (O-pk), um | 30 


3 BEARING SELECTION AND ROTORDYNAMIC CASE STUDY 


In this section, firstly, the ball bearing with SFD is selected to satisfy the required spe- 
cification of the machine, and then initial rotor design is suggested. However, in this 
design stage, it is difficult to estimate the dynamic characteristics of the SFD accur- 
ately because it is dependent on detailed design of the SFD. Hence, in this study, the 
objective is to find the required stiffness and damping coefficients of the SFD by con- 
ducting unbalance response analysis. Singular value decomposition (SVD) theorem is 
utilized in finding the worst-case unbalance configuration. 


3.1 Bearing selection 

To select the bearing type, two factors in addition to low cost are considered. The first 
is to minimize the bearing loss. The second is to reserve the stability of the high-speed 
rotating system. Within the required speed range, available options are gas foil bear- 
ing, active magnetic bearing and ball bearing. The oil-suspended ring bearings used 
widely in turbochargers consume too much friction power for the range-extender 
application. A gas foil bearing is a promising option for a high-speed operation because 
of low bearing friction loss, and the bearing has a simple structure. Meanwhile, the 
damping coefficient of the gas foil bearing is low, therefore, a rotor system supported 
by gas foil bearings can experience instability as a result of external excitations. Active 
magnetic bearing is also a good option for high-speed operation because it is operated 
in a noncontact condition and has controllable coefficients in bearing stiffness and 
damping. However, it has a complex structure and causes high cost. Meanwhile, ball 
bearing is also quite useful for high-speed operation. Furthermore, this type of 
a bearing is widely used in many applications and its stability is guaranteed. Ball bear- 
ing has a high stiffness coefficient, but its damping coefficient is low. To overcome this 
shortage, a squeeze film damper (SFD) can be integrated with the ball bearing. This is 
studied by several researchers [13], [14]. Because of this advantage, the ball bearing 
with a squeeze film damper became a promising option for automobile turbochargers. 
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In conclusion, the ball bearings with SFD are selected for the machine studied. When 
comparing it with gas foil bearing, this option can be better in rotordynamic stability 
and better in economic feasibility than active magnetic bearing. The concept of the 
ball bearing cartridge with SFD used in automobile turbocharger is presented in 
Figure 2. In this example, decoupling ring is applied as both seal and centering spring. 
In this design concept, SFD’s dynamic characteristics can be adjusted by changing the 
clearance and decoupling design. 
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Figure 2. Schematic diagram of ball bearing cartridge with SFD for vehicle 
turbocharger. 


3.2 Designed rotor model 

Based on the designed impellers, electric generator, rotor sleeve and the selected bearing 
type, the rotor-bearing system is designed. Its main parameters are presented in Table 2 
and the finite element model for rotordynamic analysis is shown in Figure 3. In this rotor 
system, the electric generator is located at the center of the machine and the two impel- 
lers are assembled at both ends. Two ball bearing cartridges with SFD support the rotor 
system. The bore diameter of the ball bearings is 10 mm. This cartridge has several 
advantages; it enables the electric generator to be located far from the high-temperature 
turbine. Secondly, it can make the bending mode frequencies to be far from the operation 
speed by decreasing the first two bending mode frequencies. In this study, for simple cal- 
culation, this bearing cartridge is modeled with several assumptions. 


1) Ball bearing has constant stiffness and damping coefficients and has no cross- 
coupling term. Its coefficients are estimated using the simple method pro- 
posed by Gargiulo [15] and Kramer [16]. 

2) SFD has constant centering spring stiffness and it is assumed to be within the 
range of 10° to 10” N/m. 

3) SFD has constant damping and it is assumed to be within the range of 0 to 
1,000 Ns/m. It was roughly estimated using analytical calculation for the 
expected SFD design [17], [18]. 

4) SFD journal is rigid and it has two translational degrees of freedom. Its rota- 
tion is constrained. 


Based on these assumptions, the rotor system supported by the ball bearing cartridges 
with SFD is modeled as in Figure 3. The shaft and the permanent magnet rotor are 
modeled with beam finite elements. The model has four degrees of freedom per node 
and it is assumed that there is no displacement in the axial direction and no rotation 
around the rotor axis. The ball bearing cartridge with SFD is modeled with the concept 
as in Figure 4. The shaft and SFD journal are connected by the constant spring and 
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damper have ball bearing’s stiffness and damping coefficient. According to the above 
assumption, the SFD journal is modeled as one mass point having the mass moment of 
inertia. Finally, the SFD journal is connected to the rigid base by a constant spring and 
damping of the SFD. To add the effect of impellers, turbine and compressor impellers 
are modeled as mass points including the mass moment of inertia. The locations of 
these mass points were adjusted from the end of shaft considering the center of mass. 
The parameters used for the modeling of the rotor system are presented in Table 2. 


Table 2. Main parameters for designed rotor system. 


Parameters (unit) Values 


Permanent magnet material NdFeB 


Sleeve & shaft material Inconel 718 


Sleeve thickness, mm 


Inner diameter of ball bearing, mm 


Length of ball bearing cartridge, mm 


Ball bearing stiffness coefficient, N/m 


Ball bearing damping coefficient, N-s/m 
SFD stiffness coefficient, N/m 10° ~ 107 
SFD damping coefficient, N-s/m 0~ 1,000 


Measured node numbers in unbalance response simulation: 


1 4 14 32 42 _ 
= = sa es Centerline 

ey! Shaft 
, oe O Node 

Ee] — Boxing 

. —l o > MassPoint | 
Bearing & SFD Magnet & sleeve Bearing & SFD 4 
0.05 04 0.15 0.2 0.25 
XxX 
LP turbine m) LP comp. 


Figure 3. Beam finite element model of a rotor-bearing system with two 
impellers and permanent magnet. 
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Figure 4. Modeling of bearing cartridge with SFD. 
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3.3 Unbalance response simulation using SVD 

As presented in the design requirement for the rotor system, allowable vibration ampli- 
tude is 30 um. To evaluate the rotor system based on this requirement, unbalance 
response simulation is conducted. Generally, unbalance response can be obtained by dir- 
ectly solving the motion equation including the unbalance force term [17]. When the 
rotor is modeled with finite elements, several unbalance masses are added to certain 
nodes for simulating the condition of distributed unbalance mass. The phase angles of 
unbalance masses must also be defined because that affect the result. Meanwhile, when 
an engineer designs rotor system, the worst-case situation needs to be considered with 
a conservative point of view, which can be generated within allowable manufacturing 
condition, e.g., unbalance mass distribution. However, according to the existing simula- 
tion method, because the result is very dependent on the definition of the unbalance 
mass, furthermore, it is not clear to know what condition of unbalance mass can make 
the worst unbalance response. Therefore, many cases must be conducted to study the 
worst-case result. 


In this situation, the SVD is a good solution to simulate the unbalance response at 
the worst condition without multiple simulation for many cases. This tool was pro- 
posed by Cloud et al. [10] for the application to practical rotordynamics problems. 
Therefore, in this study, using the same process studied previously, the unbalance 
response is studied. The details about this method can be found in [10]. Further- 
more, unbalance response using existing method is also simulated and the result is 
compared with that using SVD. For the simulation, total unbalance mass (0.254 
g-mm) is defined based on a G2.5 balance grade. Then, in existing method, for 
maximizing the response at 2.4 bend mode frequency, total unbalanced mass is 
distributed to two nodes near bearings with opposite phase, which is defined based 
on 2™ bend mode shape shown in Figure 7. 


3.4 Rotordynamic simulation result 

Using the method explained in the previous section, unbalance responses versus 
rotor speed up to 140000 rpm are obtained for the selected SFD stiffness and 
damping cases. From these results, it is expected to evaluate the rotordynamics for 
the designed system and, further, to find the suitable stiffness and damping level of 
the SFD to minimize the rotor vibration, which is used in the detailed design of 
the SFD. 


Figure 5 shows the maximum displacements at the rated speed and three natural 
frequencies (2™ rigid, 15t and 2"? bending modes). These results are obtained as 
a function of stiffness and damping of the SFD to find requirements for that minim- 
izes the displacements. From the results, it can be found that when SFD is designed 
so that its stiffness varies from 10° to 10° N/m and its damping varies from 250 to 
500 N-s/m, the vibration conditions can be the best. 
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Figure 5. Max. displacements as a function of stiffness and damping of the 
SFD at three natural frequencies and rated speed. 


Figure 6 shows the unbalance response results versus rotor speed. It is shown that the 
rotor has to pass two rigid and two bending-mode frequencies before reaching the 
rated speed. The mode shapes at the natural frequencies are shown in Figure 7. Com- 
paring the results at two different conditions (without SFD and with SFD), it is found 
that the vibration peaks at the natural frequencies are dampened well by SFD. There- 
fore, it can be concluded that the designed rotor system can be stable when the SFD 
with 10° N/m stiffness and 500 Ns/m damping coefficients is designed. When compar- 
ing the results by using two different methods, it is shown that the response amplitude 
using SVD is about four times higher than that using existing method. Furthermore, 


the responses with backward whirling mode also appear significantly in the result 
using SVD. 
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Figure 6. Unbalance responses in two different SFD conditions (without SFD, 
with SFD which has 500 N-m/s damping and 10° N/m stiffness coefficients) 
using two different simulation methods. 


4 CONCLUSIONS 


This paper presented the mechanical design study of the rotor-bearing system for an 
electric vehicle range extender. Design requirements were extracted from the selected 
concept of gas-turbine range extender with permanent magnet electric generator. 
Then, based on these requirements, the mechanical design for the rotor-bearing 
system was studied. Firstly, initial design of the rotor-bearing system was suggested 
with selection of bearing type. Then, the designed rotor-bearing system was evaluated 
through rotordynamic simulation method and furthermore, requirements for the SFD 
design were found. Summary of findings from this study are as follows. 
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Figure 7. Deformed shapes at second rigid mode, first bending mode, second 


bending mode and rated speed. 


(1) Ball bearing cartridge with SFD is selected to support the rotor system. When 
considering rotordynamic stability at high-speed operation, low bearing loss 
and economic efficiency, this type of bearing can be a suitable option for this 
20 kW range extender system. 

(2) Studying unbalance response and deformed mode shape at critical speeds 
through the rotordynamic simulation, the designed rotor system was evalu- 
ated. From the results, it was shown that the designed rotor’s critical speeds 
are far from the rated speed, but this rotor must go through two rigid and two 
bending mode frequencies to reach the rated speed operation. However, vibra- 
tion at the critical speeds are dampened well by using SFD. Conducting rotordy- 
namic study for expected range of stiffness and damping coefficients of the 
SFD, desired SFD stiffness and damping values for efficient damping effect are 
found. This result can be used for detailed design of SFD in the future. 
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ABSTRACT 


Pre-stressed structures can be found in many technical applications, such as rotor and 
bladed disk assemblies. Press fits in particular are commonly used in high-speed rotat- 
ing machinery. However, this design leads to questions about contact modelling, con- 
tact behavior and contact friction/damping, which have to be addressed during the 
design process. 


In a first step, press fits are evaluated in a contact analysis based on a finite element 
approach by using solid elements. This method allows a realistic description of the 
contact in comparison with simplified beam models. Due to temperature and centrifu- 
gal loads, the contact gaps are generally not completely closed for increasing speeds 
of the rotor. These effects must be taken into account in a subsequent dynamic ana- 
lysis. For this purpose, the active contacts are replaced by multipoint constraints. The 
following static analysis with linearized contacts serves to provide the internal stress 
state for the calculation of the geometric stiffness matrix. The solution of the general- 
ized eigenvalue problem considers both the geometric and the convective stiffness 
matrix. 


The last step is to solve the complex eigenvalue problem using a state-space 
representation of the reduced second-order system under consideration of the 
gyroscopic matrix for the speed range of interest. To lower the computing time 
in industrial applications, the system matrices are usually transformed into 
modal space using the real eigenmodes. A special procedure performs mode- 
tracking of the changing eigenfrequencies with increasing rotational speed. 


This contribution is based on recently published works and presents further 
improvements. An implementation is demonstrated based on the FEA package 
PERMAS. Computations and examples are all carried out by using this commer- 
cially available software to emphasize the relevance of the findings for industrial 
applications. 


1 INTRODUCTION 


Finite element technique has become a popular tool in rotor dynamic analysis. 
Dynamic studies of rotating machines are generally performed using, on the one 
hand, beam element models representing the position of the rotating shaft and, on 
the other hand, three-dimensional solid rotor-stator models. A specific advantage of 
solid models is the inclusion of stress stiffening, spin softening, contacts and tempera- 
ture effects in the rotor dynamics analysis. 


Nowadays, CAD models of rotors are becoming more and more detailed. The tedious 
and time-consuming task of building equivalent beam models is omitted by using solid 
models. Lateral vibrations, and in particular bending vibrations of the shaft and 
attached components, are in general the most important vibrations in high-speed 
machinery. Understanding and controlling these lateral vibrations is important 
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because excessive vibrations may lead to all kind of problems, and ultimately to 
a failure of the machinery. In extreme cases, lateral vibrations also can cause the 
rotating parts of a machine to come into contact with stationary parts, with potentially 
disastrous consequences. 


An interference fit, also known as friction fit or press fit, is a fastening between two 
parts, which is achieved by friction forces after the parts are pushed together. This 
type of connection has been analyzed in numerous publications. Chen et. al. (1,2,3) 
used a finite element model to study the effect of a hot-fit on the dynamic behavior of 
a rotor-shaft assembly by performing a pre-stressed modal analysis. Hao and Hao and 
Wang (5) conducted a 3D finite element contact model to study the failure of an inter- 
ference-fit planet carrier and shaft assembly. Other types of pre-stressed structures in 
rotor dynamics are laminated rotors (7). The laminations of the stack are axially pre- 
stressed either on a central shaft, by peripheral tie rods (4,15) or a combination of 
both of these technologies. Bolted rotors with curved couplings (16,17) are widely 
used in the aero-engine industry (10) and heavy-duty gas turbines. 


2 GOVERNING EQUATIONS 


Since the numerical solution will be computed by a Finite Element code, the model must 
be defined accordingly. Therefore, the rotating structure has to be meshed and for that, 
a grid has to be established. Since structured grids are superior over unstructured grids 
considering numerical and computational efficiency this type of mesh is employed. 


Another decision has to be made at the beginning of the modelling procedure concern- 
ing the reference system. Rotordynamic systems can be described with respect to the 
inertial reference frame or in a rotating reference system. Efficiency would call for 
a model description in a co-rotating reference frame, since several advantages of the 
model and its formulation can be taken. However, restrictions apply to this kind of 
model, and one of them is that the rotational speed of the rotor needs to be constant. 
Consequently, transient behavior cannot be considered, but this is not needed in this 
study. Another one is that anisotropic bearings lead to position-dependent and, in 
combination with a constant rotor speed, to time-periodic bearing forces. If the focus 
of investigation lies on the bearing characteristics or on the support structure, and if 
the rotor is axisymmetric, then using the inertial reference frame is advantageous. 
Fortunately, the choice of a reference frame is not a one-way decision, since 
a transformation matrix exists and allows switching between the two descriptions, 
see (6). 


For convenience, the rotor system is described in a fixed (non-rotating) reference 
frame. However, for the following example the alternative representation would also 
be possible. Moreover, only the linearized system will be considered, and steady state 
conditions are assumed throughout this study. Internal and external damping is 
included, as well as gyroscopic effects. The final rotordynamic model is a large FE- 
model, derived as described in (6) and the references therein. The final governing 
equations of motion used for this axisymmetric rotor system supported by isotropic 
bearings in a fixed (inertial) reference frame are given by 


Mii+(D+D, + G)u+(K+Ky, + Kg + Ke)u = f(t, 9°) (1) 


where M denotes the symmetric mass matrix, D a viscous damping matrix, D, the 
bearing viscous damping matrix, G(Q) the gyroscopic matrix, K structural stiffness 
matrix, K, bearing stiffness matrix and f(t, 9?) external forces including possible unbal- 
ance forces and centrifugal loads. The matrices K,(Q) (convective stiffness) and Kg 
(geometric stiffness) are specific for a 3D Finite-Element model and are not present in 
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the familiar models with lumped masses and FE-beam-elements stretching along the 
rotor axis, see (6) for details. 


The first computational step is a pure static analysis considering the contact between 
shaft and attachment for the basic model to determine the contact status and stress 
distribution under centrifugal loads. The second step is again a static analysis, where 
active contacts are replaced by general multipoint constraints. That is basically 
a linearization step to conduct a subsequent eigenvalue analysis. It is also 
a prerequisite for the calculation of the geometric stiffness matrix K,. The next step is 
the calculation of the real eigenmodes to set up the modal matrix Y 


Y = [y1,--- 5 Yr] (2) 
including geometric and convective stiffness matrices 
M Y = (K+ Kp + Kg + K,) YA ‘with A = diag (4), 4; = œ? (3) 


The equations of motion (1) are transformed into modal space by means of the coord- 
inate transformation 


u=Yq (4) 


resulting in 


M y+(D+D, + G)ñ +(K+K, + K, + K.)n = f(t) (5) 


The transformation into modal space enables to reduce the number of equations of 
motion by deleting unnecessary high-frequency components (modes) and thus allows 
for the efficient solution of the complex eigenvalue problem. By introducing ¢= ñ, 
the second-order form (5) is transformed into a state-space representation: 


Eee? HROYY-Le] 


The state-space form is used to solve the complex eigenvalue problem for different 
rotational speeds to obtain the Campbell diagram. Additional static mode shapes may 
be added to enrich the modal space. Of course, if the free response is considered, 
f(t)=0 holds. 


A typical feature of the equations of motion (6) of a rotor system is the skew- 
symmetric pseudo-damping matrix G, which introduces gyroscopic effects and forces. 
The particular form of the matrix results in two kinds of complex eigenmodes. One 
group is termed forward modes, having increasing eigenfrequencies with increasing 
rotational speed. The second group are the so-called backward modes having the 
opposite behavior, i.e. decreasing eigenfrequencies with increasing speed. It can be 
shown that the unbalance vector cannot feed energy into the so-called backward 
whirl, if direct stiffness symmetry is present in the system. However, in certain config- 
urations of stiffness asymmetry this may not be the case, see (18). 


Since eigenfrequencies depend in a non-linear manner on the rotor speed, cross- 
over of different eigenfrequency functions in the frequency domain occur regu- 
larly. Therefore, keeping track of a specific eigenfrequency and the associated 
mode is very important. The software (19,20) used for this study has a mode 
tracking algorithm implemented to sort and arrange the complex eigenvalues in 
a useful manner. 
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Figure 1. FE-model of the rotor shaft and the shrink-fitted impeller. 


3 EXAMPLE 


This numerical example is taken from the literature, see Refs.(11,12,13). Other 
than the unstructured mesh (based on tetrahedral elements) used there, 
a structured mesh is employed here for efficiency reasons. The finite element 
model consists of 73520 hexahedral and 936 pentahedron elements, see Figure 1. 
The impeller is incompatibly meshed and it is connected to the elastic shaft by 
a frictional contact. Two isotropic bearings (not shown in Figure 1) are idealized 
by spring-damper elements which are connected to the shaft by multipoint con- 
straints. The material parameters of the shaft/impeller assembly are given in 
Table 1. Bearing properties are given in Table 2. The profile of the impeller 
ensures that the centrifugal forces are not transmitted uniformly, see the distribu- 
tion of the centrifugal forces in Figure 2. 


Table 1 . Material parameters. 


Youngs modulus 
Part/ Material Density [kg/m?] [MPa] Poisson ratio 


Shaft/Steel Alloy 7850 200000 0.3 


Impeller/Aluminum 2810 71700 0.33 
alloy 


Table 2 . Bearing parameters. 


Stiffness Viscous Viscous 
Kyy Stiffness kzz damping damping 
Bearing | [N/mm] [N/mm] [Ns/mm] [Ns/mm] 


525 


Figure 2. Equivalent nodal point forces due to a centrifugal load. 


The non-uniform stress distribution (along the rotor axis) within the shrink fit area 
ensures partial opening of the contact between shaft and impeller as the rotor speed 
increases. The occurrence of a gap reduces the number of active contacts, which in 
turn leads to a reduction of the algebraic constraint equations. A different treatment of 
normal and tangential directions of frictional contacts is available during the lineariza- 
tion process in order to mimic a realistic behaviour. A further kind of fuzziness can be 
introduced by using the current contact pressure, see (14). Once the actual contact 
pressure exceeds a certain threshold a multipoint constraint is introduced. It should 
be noted that the undeformed structure is used to linearize the active contacts. This 
causes the natural frequencies to change because the entire system becomes softer 
due to the reduced length of the contact interface. This also changes the Campbell dia- 
gram and the complex eigenmodes. To study these effects in detail a design space 
exploration is performed in which the centrifugal load is varied. 


3.1 Design space exploration 

The investigation starts with the contact analysis. A surface to node contact is estab- 
lished between the shaft and the impeller, respectively. The geometric overlap (ð =- 
0.2mm) between shaft and impeller due to a press fit is assumed to be constant. Like- 
wise, a spatially varying initial contact gap would be possible, which can be described 
by a function. Coulomb's friction law is used and the friction coefficient u is assumed to 
be constant as well. Now the rotational speed of the rotor is increased in discrete steps 
and the influence on the contact is analysed. Several variables can be output, such as 
the contact gap width, contact pressure and contact state to name a few. For the con- 
tact state we distinguish between passive and active contacts. When a contact is 
active, the underlying contact node can stick or slide. Here we first focus on the con- 
tact gap. The contact is completely closed over the entire contact length (80mm < x < 
150mm) for rotational speeds at and below 2=3000 rad/s. By increasing the angular 
velocity, the contact opens more and more starting at the right end of the contact zone 
in Figure 3. At the maximum speed of 2=10,000 rad/s, only a contact length of ~Smm 
remains. This clearly will change the dynamic behaviour of the rotor system 
significantly. 
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Figure 3. Gap width as a function of the rotor angular speed. 


The strain energy distribution as shown in Figure 4 is quite useful to detect the nature 
of a vibrational mode. Each column holds for a certain eigenfrequency of the rotating 
system. Bending modes appear pairwise due to the symmetry of the rotor-bearing 
system. The fifth and the eight mode represent torsional modes. The impeller contrib- 
utes to the strain energy at higher modes, while the lower modes are dominated by 
the shaft and the bearings. Figures 5 and 6 depict mode shapes of some of the most 
significant modes. These mode shapes are computed for the non-rotating system with 
no gyroscopic forces applied. 
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Figure 4. Strain energy distribution (no angular speed). 
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Figure 5. Mode shape #6 - “Impeller mode” (no angular speed). 
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Figure 6. Mode shapes: (top left) Mode #1, (top right) Mode #3,(bottom left) 
Mode #5, (bottom right) Mode #9. 


The rates of change of the natural frequencies, see Table 3, due to gap development at 
increasing speed is depicted in Figure 7. The lower modes are mainly characterized by 
bending of the shaft. Clearly, the higher order modes and mode shapes are more sen- 
sitive to the changing contact interface at the press fit. This is due to the fact, that the 
number of general multipoint constraints introduced by contact linearization 
decreases. Note the onset of eigenfrequency decreasing starting at Q ~ 3000 rad/s and 
compare with Figure 3. 
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Figure 7. Natural frequencies (no gyroscopic forces). 


Table 3 . Natural frequencies (no angular speed). 
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Figure 8. Campbell diagram, only valid for Q<3000 rad/s. 
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Figure 9. Campbell diagram, only valid @ Q=10.000 rad/s. 


So far the analysis was based on the eigenvalue problem as defined by Eq.(3). The 
contact problem has been solved and the dependency of the real eigenvalues on the 
decreasing contact area, when the angular speed increases, has been captured. The 
final step in the numerical analysis is to solve the complex eigenvalue problem of the 
linearized but full model as established in Eqs.(5),(6). 


The results of such numerically expensive calculations is presented as Campbell dia- 
grams. Figure 8 shows the eigenfrequencies of the rotor system as a function of the 
rotational speed Q. Note the well known splitting of frequencies due to gyroscopic 
forces, which are included in the calculation now. However, this diagram is valid only 
within the speed range 0 < Q < 3000 since the press fit is in contact over the full length 
for this speed range. Therefore, the eigenvalue functions beyond only hold if the press 
fit is not treated as shown before. 


Figure 9 is similar to Figure 8, but here the contact conditions are employed for the 
maximum speed of Qmax = 10000 rad/s. Consequently, valid eigenfrequencies for the 
full model including the effect of the shrink fit are found in the vicinity of Qmax only. The 
eigenfrequency functions hold for a system with a speed-independent contact length 
as computed for Q,,,, Nevertheless, the fictional part of the diagram helps to better 
understand the dynamics of that system. 


The importance of the final results of this study is seen especially if the various results 
of the eigenfrequency (EF) of the 3 bending mode,"impeller mode” #6 (see Figure 5 
and Table 3) is studied. For low rotational speeds this EF is 1030.9 Hz. Including only 
the influence of the shrink fit, this EF drops down to 926,8 Hz (Figure 6), whereas con- 
sidering only gyroscopic effects results in an increase for the forward whirl to 1138 Hz. 
For the full model with all effects considered, this EF decreases to 1031 Hz (Figure 9), 
which is, only by chance, the starting point of this comparison. 


4 CONCLUSIONS 


Preload effects are widespread in rotor systems and need to be considered in 
a thorough dynamic analysis. This study, although limited in several respects, 
enhances the understanding of how shrink fits of rotor assemblies have an effect on 
rotordynamics. 
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It is shown that the static behavior including the active contact zone is directly affected 
by the applied centrifugal load. The higher the centrifugal load, the lower the coupling 
between shaft and impeller. This in turn has a direct effect on the dynamic response 
behavior of the rotor. 


By efficiently computed parameter variations, a multitude of analyses can be per- 
formed in a relatively short time. Thus, uncertainties in the form of a bandwith for 
system parameters can be considered. Moreover, sensitivity analyses are possible to 
assess the influence of different parameters on the dynamic behavior of the rotor. 
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ABSTRACT 


The elastic ring squeeze film damper (ERSFD) shows superior performance in vibration 
control than traditional squeeze film damper (SFD), it has been used in aero-engine and 
has potential application on gas turbine and centrifuge. Based on the Mixture theory, an 
unsteady gas-liquid two phase flow model of inner and outer oil films of ERSFD is estab- 
lished in ANSYS Fluent to investigate the influence of cavitation. The dynamic mesh 
technique is used to calculate the oil film pressure and vapor volume fraction under dif- 
ferent precession radius and frequencies. The results reveal that there is cavitation phe- 
nomenon in the low-pressure zone of inner and outer oil film. Because tangential 
squeezing effect of the journal precession is weaked by the division of the boss of the 
elastic ring, the negative pressure area and the vapor volume fraction calculated by the 
cavitation model is bigger than that of full-film model. Vapor volume fraction of an open 
end damper increase with the increase of precession radius and frequency. 


1 INTRODUCTION 


1.1 The structure of ERSFD 

Elastic ring squeeze film damper(ERSFD) is an essential damping com ponent in aero 
engine, which has better ability to suppress non-linear response than traditional 
squeeze oil film damper (SFD)[1-3]. The obvious difference between ERSFD and SFD 
is that the oil chamber is divided into two inner and outer oil films by an elastic ring 
with uniformly distributed bosses [4]. Dynamical characteristics such as force coeffi- 
cients, load capacity, and stability of rotor- SFD system have been proven to be 
affected by fluid cavitation, whether gaseous or vaporous[5]. ERSFD, like SFD, relies 
on squeezed oil film to provide damping, so analyzing the cavitation characteristics of 
ERSFD is very meaningful for engineering design. 


1.2 Theoretical method 

Many theoretical models, such as the w-Sommerfeld assumption, were proposed to 
analyze the effects of cavitation on the oil pressure, without directly simulating the 
cavitation process. Two-phase homogenous models in which the lubricant density and 
viscosity are weighted functions of the dissolved gas mass (or volume) fraction were 
proposed in Ref [6-8] . A considerable reduction in the load capacity of SFDs was 
found by experiment when the gas concentration went up in Refs [9, 10]. Zeidan [11, 
12] experimentally investigated the characteristics of gas cavitation and vapor cavita- 
tion in the damper and conditions when will they occurs. By coupled the full Navier- 
Stokes equation and homogeneous cavitation model, C Xing et [13, 14] et developed 
a three-dimensional numerical model of a two-phase SFD. The pressure and direct 
damping coefficient calculated by this model is more accurate than that calculated by 
w -film assumption while gas volume fraction is low. Fan[15] analyzed the effect of 
lubricant inertia on the cavitation for high-speed partially sealed SFD by simulation 
and experiment. Both Elrod algorithm and Gumbel’s cavitation boundary condition 
were used to simulate the lubricant cavitation and the results reveal that the fluid iner- 
tia effects notably extend the area of cavitation region and change the cavitation 
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onset. Gehannin[16] et evaluate the relative importance of the terms in the Rayleigh- 
Plesset equation by compare the numerical and experimental results. 


1.3 Numerical method 

For traditional SFD, the condition when will the transition to turbulence occurs are dis- 
cussed by researchers. Tichy[17] proposed the appropriated Reynolds number of the 
SFD and analyzed the effect of turbulence. The turbulent transition occurs at much 
higher Reynolds numbers in SFD than usual lubrication turbulence models. Andres 
[18] analyzed the effect of fluid inertia on the force coefficients for SFD under the 
assumption of turbulence or laminar according to Reynolds number. Some researchers 
have incorporated the computational fluid dynamics (CFD) technique to solve the full- 
term Navier-Stoke equation for the fluid in SFD [13]. Zhou [19] used the CFX, 
a commercial software, to analyze pressure distribution in SFD and found that the dif- 
ference between the simulating and experimental results of the equivalent damping 
mainly comes from the failure to accurately simulate the cavitation phenomenon in 
the squeeze oil film damper in the model. Cui [20] used the ANSYS to established the 
two-phase model of an open SFD with a central feeding groove. The simulation 
showed that pressure distribution in the low-pressure zone and vapor volume fraction 
were sensitive to position of inlet hole. Furthermore, the variation frequency of oil 
force is closely related to the amount of the inlet holes. Krinner developed two novel 
methods to analyze the efficient time integration of mechanical systems with elasto- 
hydrodynamic lubricated joints[21, 22].In general, CFD provides an accurate way to 
investigate the cavitation in damper. Up to now, theoretical and experimental studies 
that directly simulate the cavitation in ERSFD are very limited. 


In this paper, we establish two kinds of three-dimensional unsteady models of sealed and 
open-end ERSFDs based on the vapor-liquid two-phase flow theory and moving grid 
method. Then, the instantaneous pressure distribution characteristics of damper under 
full oil film and two-phase flow models are studied. Next, the influence of seal, different 
precession radius and precession frequencies on cavitation distribution and vapor volume 
fraction are analyzed. The results reveal the cavitation process in ERSFD and its effects 
on the pressure and oil force, which provide the foundation for the engineering. 


2 NUMERICAL MODEL 


2.1 Parameters of model 

Because the elastic deformation is quite small under normal working conditions, this 
paper mainly considers the effect of cavitation in ERSFD on the flow field. The three- 
dimensional flow field model of ERSFD with four-boss elastic ring is established as shown 
in Figure 1 (a). The elastic ring divides the oil chamber of the damper into inner and outer 
oil films connected by oil holes, and each oil film is divided into the same four sections by 
the boss of the elastic ring. The two inlet/outlet holes are set at 18.5° and 198.5°respect- 
ively as shown in Figure 1 (b). The geometric parameters of the model are showed in 
Table 1. For the open-end model, the oil enters the inner oil film from the 1# and 2# inlet 
holes then flows out from both axial ends. Conversely, For the end sealed model, the oil 
enters in the damper from 1# inlet hole and flows from the 2# outlet hole. 


The inlet hole is set as the pressure-inlet boundary where the pressure is set to Pin 
=0.1Mpa,while the outlet is set to the pressure-outlet boundary where the pressure is 
atmospheric pressure which is set to zero. Then, the outer wall of the inner oil chamber 
is set to the stationary boundary. Both axial ends and edges of the inner oil film are set 
to the deforming boundary condition. Next, the boundary condition of the inner wall of 
the inner oil chamber is set to the rigid body whose precession radius and frequency of 
the inner ring are defined by the user defined function (UDF). The mesh method of the 
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dynamic mesh adopts the Smoothing Methods model which ensures that the number of 
mesh nodes and connectivity remain unchanged when the mesh is deformed by move- 
ment. In order to ensure that the grid will not break during the movement, a Diffusing 
grid change model with a diffusion coefficient, Y=0.5, is used to control the grid 
deformation by the diffusion equation. 


According to Ref[17],the Reynolds number of the inner layer of the damper is defined 
by Eq (1): 


(1) 


where the density of the oil is p = 884.44kg/m3, the procession velocity of journal is 
w = 2wf, the precession frequency is f = 120 Hz. Furthermore, the processional 
radius is £= 0.2mm, the clearance of oil chamber c = 0.5mm, and the oil viscosity is 
H = 0.023 Pa es. Reis quite less than 2300, so the model is set to laminar flow according 
to Ref (17). 


Outer Film 


Inner Film 


(a)The flow field Model (b) Coordinates of motion 


Inlet hole 


Oil hole 


(c)Axial view of the model 


Figure 1. Numerical model of ERSFD. 
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Table1. Parameters of model. 


Parameters 


Outer radius of outer oil film, Ry 


Inner radius of inner oil film, R2 


Clearance of oil chamber, c 


Length of damper, L 


Radius of inlet hole 


Radius of oil hole 


Radian of boss 


2.2 Cavitation model 

The Mixture two-phase flow model which simulates two-phase flows with different vel- 
ocities in each phase is adopted in Fluent. The method simulates two-phase flow by 
solving the continuous equation, momentum equation, volume fraction equation of 
vapor phase, and relative velocity equation, so it has good convergence and high effi- 
ciency. According to the Ref[20], the governing equation of this model is Eq (2)-(5): 


(Pm) 2 
ae tV Omm) = 0 @ 
ean +V: (PmYmYm) = -VP +V. [um (Vim a Umm) + Pmg +F (3 
leves) +V- (avpyw) = Ri- Rv B 
a(i — av)pi) V- (1 — avpw)) = Ry — R; (5 


ôt 


where g is the acceleration of gravity, Pm is the density of the mixed phase, py is the 
density of the gas phase, and p; is the density of the liquid phase. Um is the average 
velocity of the mixed phase, u; is the liquid phase velocity, uy is the velocity of liquid 
phase, ay is the volume fraction of the gas phase, F is the body force, Rı is the gas 
phase formation rate, and R, is the gas phase condensation rate. Determining the 
mathematical model of mass exchange between the vapor and liquid phases is the 
foundation to analyze the flow of vapor, that is, determining R, and Ry. Therefore, the 
Zwart-Gerber-Belamri (Z-G-B) model, which is more accurate and suitable for the 
cavitation calculation of the thin-film flow field, is used to determine the mass 
exchange of Rı and Ry without capturing the influence of non-condensable gas in the 
flow field. The calculation parameters are set as follows: bubble diameter is 1um, 
nucleation site volume fraction is 0.0005, evaporation coefficient is 50, condensation 
coefficient is 0.01, vaporization pressure is 0.04 Mpa, and SIMPLE method is selected 
as pressure-velocity coupling in solution methods 
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3 RESULTS AND DISCUSSION 


3.1 Comparison of oil pressure between full film model and cavitation 
model 

Figure 2 shows that the inner oil pressures calculated by the full film or cavity 
model are bigger than the outer oil pressures respectively. However, there is not 
obvious difference between the inner and outer pressures calculated by full-film 
model and cavitation model in the non-squeezed zone. That is the inner and outer 
oil films are connected by oil holes, the outer pressure is mainly affected by the 
inner oil film connected to it. To further investigate the effect of cavitation, nega- 
tive pressure area ration W which is the ratio of the area under negative pressure 
S- to the total inner film area S, the equivalent outer and inner oil forces are cal- 
culated by: 


4.000e+003 
0,000e+000 l . 0.000e+000 
-4.000e+003 4. -4.000e+003 
[Pa] [Pa] [Pa] 


Ca) Full-film model (b) Cavitation model 


[Pa] 


Figure 2. Pressure of full film model and cavitation model. 


v= Sig (6) 
Gf 
Fy| _ sino R PO 
4 = | | P dx EAK G=1,2,3,4j= 1,2,3,4) (7) 


where 8; and 8; is the circumferential coordinates as shown in Figure 1 (b). Next, the 
phase ð of oil force can be calculated by 


V = arctan (f v/F,) (8) 


From Figure 1 (a), it can be found that a negative pressure zone will appear immedi- 
ately following the positive pressure zone. Although the oil chamber is divided into dif- 
ferent segments by the elastic ring boss, the oil film pressure distribution still shows 
good continuity, which is consistent with the results of the numerical model analysis in 
Ref[4]. Figure 2 (b) reveals that the negative pressure area in the cavitation model is 
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larger than that of the full oil film model, which agree with the quantitative results that 
the negative pressure area ration of inner film calculated by full-film model Wç is 
50.4% while the negative area ration under the influence of cavitation is We is 
61.21%. The reason is that the flow filed near the oil hole is not smooth and continu- 
ous because of the segmentation effect at boss position and the bigger pressure from 
oil hole.Moreover, the phase of the oil force is obviously changed by the effect of cavi- 
tation from 9;,0.088, calculated by full film model to $,.,-0.8636. In addition, because 
the outer oil film is not in direct contact with the journal, and its pressure value is less 
than the inner pressure, the inner pressure is mainly analyzed in the subsequent 
analysis. 


3.2 Cavitation process 

For the calculation parameters used in this paper (p = 884.44kg/m3, f = 120 Hz, 
€ = 0.2mm, c = 0.5mm, p = 0.023 Pa e s), cavitation does not exist throughout the 
all period. Due to the periodic precession of the rotor, the cavitation phenomenon 
repeatedly appears in the four oil chambers. Figure 3 (a, c, e, g) show the pressure 
during a cavitation process, and Figure 3 (b, d, f, e) show the distribution of the 
relative vapor volume fraction. Firstly, there is a negative pressure zone in the left 
quarter of the oil chamber when there is no cavitation, such as Figure 3 (a). 
Because the journal precession can be decomposed into tangential and radical 
movements, where the tangential motion causes a positive pressure zone in the 
inner oil cavity in the precession direction. Thus, next to the negative pressure area 
is the peak area of the positive pressure. Then, as shown in Figure 3 (c), when the 
journal passes through the boss, the supporting effect of the boss causes the 
squeeze action of the journal precession to be greatly weakened, thus causing 
a negative region adjacent to the peak of the positive pressure region. The negative 
pressure region is formed in advance, so that the cavitation region is as shown in 
Figure 3 (d). At the same time, the tangential squeezing effect is weakened by the 
division of the boss, and the positive pressure area originally formed by the tangen- 
tial movements is reduced. Therefore, the original positive pressure area becomes 
a negative pressure area, thereby generating a cavitation area. However, due to 
the positive pressure effect of the inlet hole and the high-pressure backflow 
effect of the outer oil film, no obvious cavitation area was formed between the two 
cavitation areas. we can find that the values of pressure near the lowest oil hole 
keeps lower than around area at 0.51s when the inner pressure is increasing under 
the squeeze of journal. Next, the pressure around this area decrease to negative 
because of cavitation at 0.53s while the vapor volume fraction near the hole is 
lower than around area. Then, the pressure near the oil hole is bigger than 
the around area at 0.55s when the journal process to next chamber occurs cavita- 
tion, even the pressure should be zero or negative because there is no squeeze 
effect. At the same time, the vapor volume fraction near the hole is bigger than 
around area. This is because the inner oil film pressure and vapor volume fraction 
of the are affected by the outer film by the oil hole, so the pressure and gas 
volume fraction of the inner oil film will be affected through the oil holes and have 
this delay phenomenon. The delay phenomenon is able to influence the phase of 
the oil fore ð. 
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Figure 3. Evolution of cavitation. 
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3.3 Influence of the seal 

Figure 4 reveals the pressure and vapor volume fraction of a sealed damper which is 
another typical damper in engineering. The parameters of numerical model on sealed 
damper is the same as the open-end model, but the boundary conditions need to be 
changed. Firstly, Oil hole 1 # is set as the pressure inlet condition where the pressure 
iS Pin=0.1Mpa, while oil hole 2# is set as the outlet hole boundary where the pressure 
is atmospheric pressure. Secondly, the both axial end zones of the outer and inner 
chambers are set as wall. 


Due to the end seal, the tangential and axial squeezing effect of the journal precession 
is not as obvious as that in open end model, but the effect of radial squeezing and the 
oil holes are strengthened. By comparing with section 3.1, it can be found that the 
inner negative pressure area of sealed damper, V,=51.45%, is about 10% smaller 
than that of open-end damper. Like the open-end damper, the pressure distribution 
and cavitation distribution are affected by the oil holes as shown in Figure 4. The delay 
phenomenon similar to the open end damper shown in Figure 2 is able be found in seal 
damper too. 


4.2e+007 : K 1.70e-001 
1.4e+007 2 X 8.51e-002 


-1.4e+007 A. ; 0.00e+000 
[Pa] 


(a)Pressure (b) Vapor volume fraction 


Figure 4. Pressure and cavitation of sealed ERSFD. 


3.4 Influence of the precession radius and frequencies 

Vapor volume fraction @, the ratio of vapor volume to the total volume of the oil cavity, 
is used to analyze the effect of the precession radius during a cavitation process. Cal- 
culating the mean value of vapor volume fraction q; at every point in the flow area, the 
vapor volume fraction @ can be obtained as 


g = X 19i (9) 


Figure 5 shows the vapor volume fraction at the beginning time step, A, of a cavitation 
process at different precession radius and the two subsequent time points. We can find 
that the vapor volume ratio decreases with time increase, which corresponds to the 
cavitation process reproduced in Figure 3. Secondly, it can be found that the larger the 
precession radius is, the larger the vapor volume fraction is when cavitation occurs, and 
as time increases, this gap gradually decreases. The phenomenon indicates that the 
increase of the procession radius could increase the cavitation in the oil film. 
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Fig 5. Vapor volume ratio under different precession radius. 


Figure 6 depicts the cavitation ratio of the damper at different precession frequencies. 
We can find that the larger the precession frequency is, the larger the cavitation ratio 
is when cavitation occurs, and the cavitation ratio is decreasing with time running. 
This shows that the increase of the precession frequency will increase the cavitation in 
the oil cavity 
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Fig 6. Vapor volume ratio under different precession frequencies. 


4 CONCLUSION 


In this paper, the CFD method is used to establish the three-dimensional flow field 
model of ERSFD. Then, the numerical model is used to investigate the cavitation evo- 
lution in ERSFD and its impact on oil pressure. The influences of precession radius, fre- 
quencies and end seal on cavitation of ERSFD are analyzed. 


Firstly, the segmentation of boss breaks the continuity of the oil film, so the cavitation 
in ERSFD changes periodically with the segmented oil film, unlike the cavitation in 
SFD, which will be the same throughout the whole oil film. The distribution of cavita- 
tion is affected by oil inlet holes and oil holes. Thus, the phase of oil force is changed 
more than 0.8 radians under the influence of cavitation. 


Secondly, the oil film pressure of the sealed ERSFD is quite bigger than that of open- 
end damper. Because of sealing effect, thus the inner negative pressure area of sealed 
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damper is 10% smaller than that of open-end damper. The cavitation mainly distribu- 
tion and vapor volume fraction are more complicated than the open sealed damper. 


Finally, the cavity ratio @ of the ERSFD increases with the increase of the precession 
radius and precession frequencies. Because the adjust effect of outer oil film and the 
oil holes, there is a “delay” phenomenon in cavitation damper. In addition, the effect of 
temperature is not considered in this paper. Due to the division of the oil chamber by 
the elastic ring, the flow field shape of ERSFD is more complex than that of SFD, so 
more experiments will be needed to study it in the future. 
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ABSTRACT 


Underplatform dampers are installed under the platform to reduce the blades’ vibra- 
tion by dry friction damping. In this paper, the vibration experiments of the turbine 
blades without and with underplatform dampers were carried out under rotating state. 
The experimental method of liquid jet excitation was used to simulate the airflow exci- 
tation of the turbine blades under working condition. Besides, the vibration signals of 
the turbine blades were measured by strain gages. The experiment results showed 
that the vibration strain of the blades with the underplatform dampers were about 
30% lower than that without the underplatform dampers. 


1 INTRODUCTION 


The ongoing demand in aerospace industries for more efficient gas turbine engines 
has driven the design of many components to their structural mechanical limits. Tur- 
bine blades undergo complex loads during operation, which carry static stresses and 
dynamic stresses. Static stresses are caused by centrifugal loads, thermal loads and 
static fluid pressures. Mechanical vibrations, caused by additional dynamic loads of 
different origins, lead to dynamic stresses (1). On the basis of the static stress level, 
sustained and high dynamic stresses may lead to high cycle fatigue (HCF) and even- 
tual failure of the blades (2). In particular, the wide operating speed range of aero- 
engines together with the high modal density of bladed disks makes it impossible to 
avoid all critical resonances during operation (3). Reducing the vibration amplitude at 
those resonances is therefore crucial. And the passive systems, based on friction 
damping (4) have been the most widely used approach over the years (5). Dry friction 
can provide damping in various locations on a blade, such as the shrouds, roots and 
blade tips. Therefore, there are many forms of dry friction damping, such as under- 
platform dampers (UPD), tip shrouds and damper wires, which are shown in Figure 1. 


(a) (b) (c) (d) (e) 


Figure 1. Common forms of dry friction damping (6): (a) roots joints, (b) tip 
shrouds, (c) underplatform dampers, (d) damper wires, (e) damper pins. 
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For gas turbine blades, the length of the blade is usually relatively short. In order to 
ensure their aerodynamic performance, underplatform dampers are usually selected 
for blade vibration reduction. Underplatform dampers consist of a metal device which 
sits in a groove on the underside of the platform between adjacent blades, and it is 
kept in place and loaded by the centrifugal force. When the blades vibrate, the relative 
motion between the adjacent platforms and the damper lead to friction at the contact 
interface, which in turn provide energy dissipation and damping to the system (7). 


1980s, Griffin (8) made an attempt to model the dynamics of blades with underplat- 
form dampers. He identified the damper stiffness as a key parameter in damper opti- 
mization. During the past 40 years, numerous numerical techniques have been 
developed to design and simulation calculations with underplatform dampers. Exten- 
sive papers on numerical modeling of underplatform dampers can be found. Cameron 
et al.(9), Wang et al (10), Sanliturk et al. (11), Petrov(12), He et al.(13) provided 
thorough reviews of the available literatures and methods solving nonlinear vibrations 
of mechanical systems with friction. 


In order to obtain the damping effect of the damper with blade vibrations in the 
experimental research, many scholars have developed a variety of test methods, 
which can be divided into experiments performed on non-rotating test rigs and on 
rotating test rigs. The tests performed on non-rotating test rigs used two to three 
beamlike blade models where dampers are loaded by static gravity force to represent 
the centrifugal force acting on the damper (e.g. Sanliturk et al. (14), Szwedowicz 
et al. (15), PeSek (16), Pesareci (17), Gastaldi et al. (18)). These bench tests are diffi- 
cult to include the effects of centrifugal loads (strain gradients, untwist, blade/rotor 
interaction, etc.), a critical driver of blade behavior. In order to get closer to the actual 
working conditions of the turbine blades, rotating tests are required which carried out 
on the rotating rigs with bladed disks in the vacuum condition. The beamlike blade 
models are reported by Stanbridge et al. (19) and Goetting et al. (20). The damping 
performance of a thin-walled damper, mounted under the platforms of two rotating, 
freestanding high pressure turbine blades, was investigated numerically and experi- 
mentally by Szwedowicz et al.(21). Sever (22) presented a methodology and results 
from an experimental investigation of forced vibration response for a rotating bladed 
disk with fitted underplatform "cottage-roof" friction dampers. 


In this paper, turbine blades with wedge-shaped underplatform dampers are sub- 
jected to a rotating test, in which the blades were excited by liquid jet excitation. The 
vibration responses of turbine blades under forced vibration are obtained, and the 
damping effect is obtained by comparing the vibration responses of blades with and 
without damping. 


2 TEST RIG DESCRIPTION 


We have modified the vertical high-speed rotating test rig, and established a test 
device that can be used for vibration damping test of different underplatform dampers 
under the rotating state. The schematic of the device shows in Figure 2, which consists 
of three parts. 


1) Rotating rotor in a vacuum chamber. The rotor included two groups of blades. 
Each group of blades consisted of 5 adjacent blades. The middle blade was 
marked as the measuring blade, and strain gauges were attached to it. The 
blade rotation radius is around 300 mm. During the test, the chamber was 
vacuum with vacuum pump operation. 
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2) The driving of the rotating rotor. The rotor was driven by a motor and the 
speed was increased by the belt. Under the condition of good vacuum in the 
chamber, the test speed could reach 24000 r/min. 

3) The excitation device for blades. The vibration excitation device mainly 
included fuel nozzles which were uniformly distributed in the circumferential 
direction and oil collector in the vacuum chamber, and an oil station for sup- 
plying and returning oil outside the vacuum chamber. 


The photo of the high-speed rotating test rig shows in Figure 3. 


Ball Bearings 


Tecuum Pump > S 
Vacuum Pump Pirani Sensor 


Figure 3. The photo of the high-speed rotating test rig. 
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3 EXCITATION AND MEASUREMENT OF THE BLADES 


The experiments were performed with liquid jet to excite blades. Considering the 
vacuum situation of the experimental chamber, the vacuum- suitable spray liquid was 
selected as the aviation lubricants pattern. The aviation lubricating oil was firstly pres- 
surized by oil pumps and then flowed into the vacuum chamber controlled by the 
valve. Uniformly distributed fuel nozzles are arranged above rotating blades. The 
liquid is ejected from fuel nozzles to form conical atomized liquid columns, and the 
rotating blades are regularly excited by the liquid columns, which causes the blades to 
forcibly vibrate. The excitation frequency is determined by the rotor speed and the 
number of nozzles, which means that when the rotor speed is slowly increased or 
decreased, the excitation frequency will also change accordingly, that is, the “sweep” 
can be achieved. 


The pressure of the lubricating oil is controlled by the oil station outside the vacuum 
chamber. The outlet pressure of the oil station can reach a maximum of 0.9MPa. The 
total flow is determined by the number of nozzles and oil pressure. Because the 
vacuum chamber is sealed during the experiment, it is not convenient to measure the 
oil pressure at the nozzle, so the oil pressure at the nozzle has been calibrated before 
the test. Before the test, it is necessary to check that the relative distances of all noz- 
zles and blades are consistent to ensure stable excitation frequencies and the same 
excitation force for each time. 


Figure 4. Liquid excitation device and strain gauges attachment. 


The vibration responses of blade were measured by strain gauges which were 
attached to the surface of measuring blades where the dynamic stresses were rela- 
tively high above the platform (see Figure 4). A set of experimental blades consisted 
of 5 adjacent turbine blades. The underplatform dampers were installed below the 
platform of blades (Figure 5). The middle blade was identified as a measuring blade. 
Besides, the lead wires were pasted on the disk and finally passed through the hollow 
shaft. The other end of the lead wires were connected to the slip ring, and the signal 
transmitted by the slip ring was connected to the dynamic strain indicator. 
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Figure 5. Installation of blades and underplatform dampers. 


4 EXPERIMENTAL PROCESS 


The experiment without underplatform dampers and the experiment with underplat- 
form dampers were performed separately. Each test was repeated twice to ensure 
reproducibility. The data from repeated tests were averaged in subsequent test data 
processing. Finally, the strain amplitudes of blade vibration responses were compared 
under the same excitation conditions. 


The experimental process is shown in Figure 6. In the test, the rotor first slowly 
increased speed. When the set rotation speed of the liquid-jet excitation (n1) was 
reached, the oil pump was turned on, and the blades were subjected to liquid-jet exci- 
tation and maintained. After the rotor continued to slowly rise to the target speed 
(n2), the rotor started to reduce speed after maintaining the target speed for a period 
of time. The acceleration of the speed increase and decrease was the same. Stop the 
liquid jet excitation when the rotor speed drops to n1, then stop the test after the 
rotating speed drops to zero. In order to prevent the zero drift of the strain gauges 
from seriously affecting the data, the collection of the strain data is performed slightly 
longer than the time of the liquid jet excitation time (b). 


Rotating 
speed 
n2 


n0 


nl 


p 


b Time 


Figure 6. The experimental process. 
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5 EXPERIMENTAL RESULT 


The strain data obtained from the test is shown in the blue line in Figure 7. It can be 
seen that the blade's strain generally changes with the rotation speed. This part of the 
strain is mainly caused by centrifugal force and belongs to the static strain (yellow 
line). When the speed is close to the resonance speed, the vibration amplitude 
increases significantly. This part of the strain is a dynamic strain (red line). In order to 
better observe the amplitude, the sliding strain is used to obtain the static strain, and 
the total strain is subtracted from the static strain to obtain the dynamic strain. 


Fast Fourier Transform (FFT) is performed on the dynamic strain, and a three- 
dimensional waterfall chart is drawn (Figure 8). In order to be able to see peak 
changes clearly, the part with amplitude less than 10ue has been hidden in the figure. 
The peak value of the vibration amplitude of the blade changes with time. In the pro- 
cess of increasing and decreasing rotating speed, the strain amplitude increases 
sharply when the rotation speed passes near the resonance speed, and the peak 
strain amplitudes are taken as an important evaluation index. 
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Figure 7. Strain data diagram. 
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Figure 8. Three-dimensional waterfall chart. 


Figure 9 shows the comparison of the vibration frequencies of the blades with and 
without underplatform dampers, in which we found that the resonance frequency of 
the blade with underplatform dampers is slightly higher than that without underplat- 
form dampers. The two measured blades’ resonance frequencies respectively increase 
by 3.11% and 2.93%. 


The peak strain amplitude of the blade with underplatform dampers is lower than that 
without underplatform dampers (Figure 10). The peak vibration amplitudes of the two 
measured blades are respectively reduced by 31.10% and 34.39%. 
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Figure 9. Normalized frequencies of blades without and with UPDs. 
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Figure 10. Peak strain amplitudes of blades without and with UPDs. 


6 CONCLUSIONS 


Experiments were designed and performed to study the vibration characteristics of the 
blades under the excitation of liquid spray in the rotating state. The vibration responses 
of the turbine blades with and without underplatform dampers were obtained, and the 
changes in resonance frequencies and peak strain amplitudes were compared. 


From the obtained experimental results, the resonance frequency of the blades with 
underplatform dampers increased slightly and the amplitude decreased significantly. 
It can be considered that the underplatform dampers can reduce the blade vibration 
under the rotating state, especially the amplitude around the resonance peak. This 
can effectively reduce the stress of the blades due to vibration under working condi- 
tions, and improve the high cycle fatigue life of the blades. 
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ABSTRACT 


This paper focuses on the selection of a bearing system for a newly designed energetic 
turbocompressor. Two alternative concepts of rotor support (consisting of two or three 
bearings) are analysed. Because the rotor must pass through several resonant speeds 
before it reaches the nominal speed, an in-depth dynamic analysis was carried out. 
The research presented in this paper proves that an increase in the number of bear- 
ings used to support the shaft does not necessarily have a positive impact on the 
dynamic performance of the rotor. Ultimately, one version of the rotor-bearing system 
has been approved for implementation. 


1 INTRODUCTION 


The development of high-speed turbomachines requires the use of innovative solu- 
tions for bearing systems. In addition to the high rotational speed, the bearings of 
these machines must withstand high static and dynamic loads that act on the shaft as 
well as high thermal loads. This article discusses the research whose aim was to select 
a bearing system for the rotor of a newly designed energetic turbocompressor. The 
turbine’s and compressor’s discs, as well as the generator rotor, were mounted on the 
shaft of the turbocompressor with a rated speed of 100 krpm. The turbocompressor 
has been designed for use in a cogeneration system with an external combustion 
chamber, where it will generate up to 30 kW of electric power. Such systems may be 
an interesting alternative for gas microturbines and cogeneration systems that oper- 
ate on the basis of the organic Rankine cycle (1). 


Avery high rotational speed, which often exceeds 100 krpm, can be a source of diffi- 
culty during the design process of rotor-bearings systems for micro-power turboma- 
chines. The high rotational speed of the rotors is beneficial for the fluid-flow and 
allows a high efficiency to be achieved when small-diameter rotor discs are used. 
However, it is accompanied by unfavourable dynamic phenomena and the need to 
use advanced bearing systems. This is why much attention has been paid to the 
dynamic analysis of high-speed rotors in the scientific literature. This topic is 
explored, among other things, in publications on the design of rotors of automotive 
turbochargers, which are characterised by a high level of subharmonic vibrations 
and exhibit a tendency of self-excited vibration (2). These machines are very often 
equipped with floating-ring slide bearings which stabilise the whirling modes. In 
small turbochargers, ball bearings and ball bearings with dampers are also used 
(2,3). As for large turbochargers mounted in locomotives and marine engines, they 
can be equipped with preloaded 3-lobe bearings, 3-lobe bearings with a damper and 
taper land bearings (3). The dynamic problems of rotating systems get worse as the 
length of their rotors increases and the longer the rotors, the higher the number of 
eigenmodes within a range of operating speeds. Therefore, much attention is paid to 
the design of rotors of power machines, where the generator rotor must also be sup- 
ported by bearings. Such a rotor can be driven via a coupling (4) or a gear (5), but it 
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is typical of micro-power machines that their generator and rotor disc share the 
same shaft (6,7). This makes it possible to achieve high efficiency with a more com- 
pact and reliable design. Attempts have also been made to use the rotors of micro- 
turbines in a vertical configuration (8). In the case of ORC vapour microturbines, the 
use of a single shaft for the turbine and the generator makes it possible to build her- 
metically sealed oil-free turbogenerators (9). In order to reduce the vibration level of 
high-speed rotating machines, much attention must also be paid to balancing their 
rotors (10,11). In a case like this one, the loads caused by the unbalance are much 
higher than those caused by the magnetic field (11). Precise balancing of a rotor not 
only reduces the dynamic forces acting on the rotor and bearings but also reduces 
the impact of the machine on its surrounding environment (12). Too high unbalance 
of the rotor can also occur during operation, for example as a result of the deposition 
of impurities on the rotating elements (13). Due to the possible occurrence of various 
dynamical and operational problems, the development of high-speed turbomachines 
is very often accompanied by their testing under laboratory conditions. The tests of 
the dynamic performance of a microturbine rotor on a test rig is e.g. presented in 
article (14). The rotor was supported by ceramic rolling bearings and its maximum 
rotational speed (30 krpm) was greater than the critical speed of lateral and torsional 
vibrations. 


Based on the available literature and our past experience, it can be said that selecting 
an appropriate configuration of the rotor and bearing system is crucial in the process 
of designing new high-speed turbomachines. The following part of the article describes 
the process of selecting the subassemblies and bearing system of a 30 kW turbochar- 
ger, which will be used to produce electric energy in a combined heat and power 
cogeneration system. Several alternative solutions for the rotating system are pre- 
sented, then two of them were selected and analysed in detail. Numerical models 
were developed and static and dynamic analyses were carried out, which made it pos- 
sible to compare the properties of the two systems. The characteristics of the rotors 
were obtained, including shaft deformations, eigenfrequencies and vibrations depend- 
ing on the speed. This allowed us to choose a rotating system for further 
implementation. 


2 SELECTION OF ROTOR CONFIGURATION AND BEARING TYPE 


The principle of operation of the fluid-flow machine that is being designed is based 
on the Brayton cycle. The use of the so-called external combustion chamber is the 
fundamental difference between a classic gas turbine and the turbine that is cur- 
rently under development. In such a system, the gas turbine is driven by hot air 
which is supplied under pressure (using a compressor) to the external combustion 
chamber with a heat exchanger. The air heated by the combustion gases in the heat 
exchanger is used as the working medium. Thanks to this solution, the turbine is not 
driven directly by combustion gases, which have a negative effect on it and shorten 
its service life. An important advantage of such a system is also the fact that almost 
all types of fuels (including renewable and non-renewable solid fuels) can be burnt in 
the combustion chamber. In classic gas turbines, only liquid and gas fuels that meet 
specific requirements can be used. When the fuel is burnt in an external chamber, its 
quality has no negative effect neither on the service life of the turbine nor on its 
operation. 


During the preliminary analyses, several configurations of the rotor—bearings 
system were considered, in which the particular subassemblies and the bearings 
were positioned differently. The compressor, turbine and generator can operate on 
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a common shaft or on two separate shafts, connected by a coupling. The three 
selected configurations of the rotating system are shown in Figure 1. In the first con- 
figuration, the generator is placed between the compressor and the turbine and all 
the subassemblies share the same shaft which is supported by two bearings. In 
the second case, the generator shaft is coupled to the turbocompressor shaft. Each 
shaft has its own bearing system. In the third configuration, the generator, compres- 
sor and turbine share the same shaft, which is supported by two bearings (located on 
both sides of the generator). The compressor and turbine are mounted on the over- 
hanging part of the shaft. 


OSIE 


c) 


Figure 1. Alternative configurations of the turbocompressor-generator rotor- 
bearings system (G - generator, C - compressor, T - turbine). 


Each of the systems presented has certain advantages and disadvantages in terms of 
their design and operation. The system depicted in Figure 1c was chosen for further 
analysis. The main advantages of this system are as follows: the favourable tempera- 
ture distribution over the length of the shaft, a compact design which makes it possible 
to design a more rigid rotor, the lack of bearings located in the high-temperature zone 
(between the compressor and the turbine) and the absence of a need to use 
a coupling. Special attention must be paid to the favourable temperature distribution 
between the particular subassemblies. The highest temperature occurs in the gas tur- 
bine, where the air at the inlet has a temperature of 850°C. At the compressor outlet, 
the air has a temperature of approximately 200°C. The generator, whose maximum 
permissible operating temperature is 150°C, is the coolest part of the machine. It will 
be possible to maintain a large temperature gradient between the turbine and the gen- 
erator. A similar arrangement of the subassemblies of a gas turbine was used in 
a solution described in article (15). However, an internal combustion chamber was 
used, from which the combustion gases went directly to the fluid-flow system of the 
gas turbine. 
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The turbocompressor rotor must be supported by bearings which will guarantee stable 
operation at very high rotational speeds and high temperatures. Their long operational 
life and low friction losses are also very important. That is why the possibilities of 
using different types of bearings (including aerodynamic and aerostatic gas bearings, 
foil bearings, oil-lubricated slide bearings and rolling element bearings) were 
explored. At the design stage of the prototype, the use of magnetic bearings was not 
considered since this solution is rather technically complicated and expensive. Aero- 
dynamic gas bearings are characterised by low capacity and limited operating life. 
Although aerostatic gas bearings have higher capacities compared to aerodynamic 
ones, they must be constantly supplied with compressed gas. As for foil bearings, 
their alignment precision is low and the starting torque is quite high. Due to the fact 
that foil bearings are still under development, they are not available as off-the-shelf 
products. The floating ring bearings that are widely used in automotive turbochargers 
have the considerable disadvantage that they must be fed with large quantities of oil 
under pressure. This is obviously not a problem in combustion engines since they have 
oil lubrication systems. However, in the machine that is being designed, this would 
pose a problem because the use of the additional system, rather complex, would 
decrease its overall efficiency. Therefore, in the first version of the prototype, we 
decided to use high-precision angular rolling bearings. Such bearings have ceramic 
rolling elements and can therefore withstand very high rotational speeds. In addition, 
they ensure highly precise movements and have very low friction losses. Bearings of 
this type are widely available on the market since they are produced by several 
manufacturers. 


3 NUMERICAL ANALYSIS 


3.1 FEM model of the rotor 

In order to obtain static and dynamic characteristics of the designed rotating system, 
numerical analyses were carried out. The calculations were made using the MADYN 2000 
software, which is a modern tool capable of analysing the dynamic performance of rotat- 
ing machines, including the rotors of turbocompressors with different bearing types (16). 


During the preliminary design stage of the complete rotor, it turned out that the over- 
hanging part of the shaft was quite long due to the need to have space for the intake 
system of the compressor and taking into account the dimensions of the compressor’s 
and turbine’s rotor discs. As this could have a negative impact on the dynamic per- 
formance of the rotor, an additional configuration of the rotating system has been pro- 
posed. Compared to the basic configuration shown in Figure 1c, the only difference in 
this new configuration was an auxiliary bearing placed between the compressor and 
the turbine. This modification was introduced to provide additional support for the 
overhang and flexible part of the shaft and to reduce the excessive vibrations that 
could occur in certain speed ranges. Since there will be a high temperature in this sec- 
tion of the machine (which can reach 400°C), it will not be possible to use a rolling 
bearing. An assumption was therefore made that a foil bearing (made of materials 
resistant to high temperatures) would be mounted between the compressor and the 
turbine. As the shaft will be precisely positioned using two rolling bearings placed on 
the two sides of the generator, it will be possible to reduce the assembly preload of the 
foil bearing. This will reduce the moment of friction, which will make it easier to start 
the machine and minimise power losses. The two analysed variants of the rotor are 
shown in Figure 2. Since the foil bearing must have a certain length, there was a need 
to lengthen the shaft in this case. 
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Generator Compressor Turbine 


Bearing 1 Bearing 2 


b) 


Bearing 1 


Generator Compressor Turbine 


Bearing 2 
=f 


Bearing 3 


Figure 2. FEM model of the rotor with two (a) and three bearings (b). 


The two models of the rotor had 42 and 45 Timoshenko-type beam finite elements 
respectively, with six degrees of freedom at each node. The forces and moments 
acting on particular subassemblies as well as the properties of the materials were 
taken into account in the models. It was assumed that the following materials would 
be used: steel 42CrMo4 - for the shaft, aluminium alloy 7075 - for the compressor 
rotor disc and nickel-based alloy IN-738 - for the turbine rotor disc. The dimensions 
and mass of the rotor of the 2-pole synchronous generator were also considered in the 
FEM models. The mass and length of the complete rotating systems were as follows: 
4.287 kg and 404 mm - for the two-bearing rotor; 4.347 kg and 434 mm - for the 
three-bearing rotor. The distance between the rolling bearings was the same in both 
variants and was equal to 218 mm. The stiffness of the rolling bearings was deter- 
mined on the basis of empirical equations, where the dimensions of the bearings and 
rolling elements, as well as the assembly preload of the bearings, were taken into 
account. The stiffness and damping of the foil bearing were calculated using computer 
programs developed in the IMP PAN. In the calculations, the gas lubrication film and 
the support structure (the top foil and bump foils) were taken into account. The calcu- 
lations took into account the bearing characteristics determined for the nominal 
speed. 


3.2 Static analysis 

A static analysis was carried out to verify the distribution of displacements, forces and 
stresses caused by gravitation and static loads that occur during the operation of the 
machine. The highest static displacement of the shaft supported by two bearings 
occurred at the free end of the shaft and was 10 um. The use of the additional bearing 
made it possible to reduce this displacement to 6.7 um (despite the fact that the shaft 
length was greater). In addition, the additional foil bearing changed the distribution of 
loads acting on the two rolling bearings. The static load of bearing 1 increased from 4 
N to 10 N and that of bearing 2 decreased from 40 N to 22 N. The static load of the 
additional bearing was approximately 12 N. The reactions of the bearing supports are 
visible in Figure 3. This figure also shows the bending moments and shear forces in the 
shafts. It is clearly seen that the increase in the number of bearings resulted in 
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a change of forces and moments acting on the rotor. The maximum bending moment 
decreased from 1.8 Nm to 0.7 Nm. The values of shear forces also decreased. The 
forces acting on the shaft have caused the appearance of low stresses, which can be 
considered as negligible given the mechanical properties of the material. The max- 
imum reduced stresses did not exceed several megapascals. It can be said that both 
rotors were designed properly in terms of their strength. 
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Figure 3. Results of the static analysis of the rotor with two (a) and three 
bearings (b). 


3.3 Dynamic analysis 

As part of the dynamic analysis of the rotors, a computational modal analysis and 
a forced vibration analysis were performed. Eigenfrequencies and eigenmodes were 
determined, taking into account the stiffness of the bearing supports and gyroscopic 
effects. The eigenfrequencies, determined in the range from 0 to 5,000 Hz, are shown 
in Table 1. They have been determined for the nominal speed of 100 krpm. The eigen- 
frequencies are marked by colours, which indicate the type of vibrations (bending, 
axial and torsional vibrations). In addition, the frequency values which correspond 
to bending vibrations occurring at backward whirls are italicised. The same eigenfre- 
quencies are shown in graphical form in Figure 4 (in the range of 0-4000 Hz). The 
nominal rotational frequency of the turbocompressor rotor, which is equal to 1666.7 
Hz, is also shown on the graphs. 
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Table 1. Natural frequencies of the rotor with two and three bearings. 


Frequency [Hz] Frequency [Hz] 
Eigenmode Eigenmode 
No. two three No. two three 


bearings bearings bearings bearings 
110.0 109.4 1223.7 1074.8 

144.7 153.4 1405.2 1156.8 

222.4 273.7 2772.6 2291.6 

433.0 429.9 3461.5 2859.2 

502.0 493.6 4145.1 3272.6 

506.9 498.1 4157.5 3633.3 

634.0 559.4 4863.3 4027.3 

939.5 745.3 - - 
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1666.7 Hz 
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Figure 4. Natural frequencies of the rotor with two (a) and three bearings (b) 
(legend: bending, axial and torsional vibrations). 


In both analysed cases, there were 15 eigenmodes in the range of 0-5000 Hz but they 
occurred at different frequencies. In general, the introduction of the additional bearing 
and the elongation of the shaft decreased the eigenfrequencies. This is clearly seen in 
Figure 4, where eigenmodes No. 9 and 10 have moved towards lower frequencies and 
increased their distance from the nominal rotational frequency. In addition, the fre- 
quency of eigenmode No. 11 decreased by 481 Hz and moved towards the rotational 
frequency. Besides bending eigenmodes, there were also two axial eigenmodes and 
three torsional eigenmodes in the analysed frequency range. Some bending eigen- 
modes occurred at backward whirls, so they did not affect the vibrations of the rotor 
supported by the rolling bearings. 


In order to check the possibility of the excitation of lateral vibrations during the oper- 
ation of the rotor-bearings system, a forced vibration analysis was carried out. The 
excitation force was the result of the residual unbalance, whose maximum value was 
assumed on the basis of the ISO 1940-1 standard. The calculations have been made 
for the following arrangements of the excitation forces: 
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a) one unbalance on the turbine disc, 

b) two unbalances (rotated by 180°) on the turbine’s and compressor's discs, 
c) two unbalances on the turbine disc and the generator, 

d) two unbalances (rotated by 180°) on the turbine disc and the generator. 


The several arrangements of the unbalance were used to check the possibility of the 
excitation of different eigenmodes. The modal analysis had indicated that in the fre- 
quency range analysed, there was a rather high number of eigenmodes and that 
almost each of them presented a risk for the stable functioning of the rotor. 


The results of the forced vibration analysis of the two- and three-bearing rotor 
are shown in Figures 5 and 6. Due to the page limitation of the article, only the 
selected characteristics are presented, that is to say, those obtained for the 
unbalance arrangement where the two additional masses were placed on the 
rotor discs of the turbine and the compressor (and the second mass was rotated 
by 180° relative to the first mass). This unbalance arrangement can be regarded 
as the most unfavourable in terms of the dynamic performance of the rotor. This 
arrangement resulted in the highest vibration levels at the critical speeds that 
were the closest to the nominal rotational speed. These vibration levels occurred 
at a speed of 68.6 krpm in the two-bearing system and at a speed of 161.5 krpm 
in the three-bearing system. The maximum vibration amplitude was 32 um in the 
first case. In the second case, the highest vibration amplitude was 134 um, but it 
occurred outside the range of operating speeds. In order to excite the vibrations 
of this type in the rotating system, an excitation force with a frequency that is 
a multiple of the rotational frequency would have to occur. Below the nominal 
speed, in the three-bearing system, the highest vibration amplitude was 48 um 
and occurred at a speed of 59.7 krpm. The vibration amplitude in the operating 
speed range was higher compared to the basic system with two bearings. The 
increase in the vibration level of the rotor with an additional bearing resulted 
from the increase in its length. The reduction in the stiffness of the shaft was too 
large to be compensated by an additional support point (i.e the compliant foil 
bearing). Therefore, the vibration level was higher in some rotational speed 
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Figure 5. Forced vibrations of the rotor with two bearings. 
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Figure 6. Forced vibrations of the rotor with three bearings. 


Apart from the resonant speeds mentioned above, the vibration level was rather low. 
Even though there were certain increases in the vibration level at low speeds (in the 
range of 10-30 krpm), the vibration amplitude did not exceed 20 um. This was due to 
the low dynamic excitation. If dynamic excitation originates from the unbalance, it 
increases proportionally to the square of the rotational speed. In the remaining unbal- 
ance arrangements, which are not discussed in detail in this article, the vibrations of 
the rotors determined by calculation were of low level. 


It should also be noted that not all eigenmodes, whose frequencies are given in Table 
1 and shown in Figure 4, will have a significant impact on the dynamic performance of 
the rotors analysed. This stems from the fact that some eigenmodes can only occur 
during the reverse precession, which should not happen in the case of rotors sup- 
ported by rolling bearings. 


5 CONCLUSIONS 


The article discusses analyses that have sought to select the configuration of the 
rotating system and bearings for the rotor of a 30 kW compressor with a nominal 
rotational speed of 100 krpm. The system, in which the generator’s, compressor's 
and turbine’s rotors were placed one after another on a common shaft supported 
by two high-precision rolling bearings, was selected for further considerations. 
Such a configuration of the rotating system prevents the appearance of high ther- 
mal gradients within the rotor and facilitates management of the heat throughout 
the machine. After preparing the rotor design concept, it turned out that in the 
assumed configuration, the overhanging part of the shaft was quite long. There- 
fore, in addition to the initially selected configuration of the rotating system, 
another configuration was analysed (in which an additional bearing was placed 
between the compressor and the turbine). As there will be a very high tempera- 
ture in this section of the machine, a decision has been made to use a gas foil 
bearing. 


Based on the calculations made for the two alternative variants of the rotating system, 
the following conclusions can be drawn: 
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a) In order to use an additional bearing between the compressor and the turbine, 
it was necessary to lengthen the shaft. However, the static displacements of 
the shaft end were lower by about 30%. 

b) Regardless of the number of bearings, in the frequency range from 0 to 5000 
Hz, the two systems analysed had 15 eigenmodes that could be excited during 
the operation of the machine. The use of an additional bearing and the elong- 
ation of the shaft reduced the eigenfrequencies. 

c) The forced vibration analysis has shown that in the speed range of 80-120 
krpm, the two rotors analysed should work properly in terms of their 
dynamic performance. The critical speed, which was closest to the nominal 
speed, was at 68.6 krpm for the two-bearing system and at 59.7 krpm - 
for the three-bearing system. At lower speeds, the vibrations of the rotors 
were very low. 


Based on the analyses carried out to date, we have decided to continue the devel- 
opment of the two-bearing turbocompressor. Since this solution is simple and less 
costly, it will be possible to accelerate work on the first prototype. Work on a heat- 
resistant gas foil bearing is also planned. In the future, it will be used either in the 
machine which is currently under development or in another fluid-flow machine. 
A final decision on whether to use a foil bearing will be made after first experimen- 
tal tests. 


The research presented in this article may be of interest to scientists and engineers 
who deal with innovative turbomachines and seek the best bearing systems for newly 
designed rotating machines. The results obtained can be useful when designing vari- 
ous types of high-speed turbomachines such as turbocompressors, gas/vapour micro- 
turbines and turbine expanders. 
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ABSTRACT 


Torsional vibrations must be considered in design of all high-power drive trains 
including an induction motor. Magnetic field in the air gap of induction motor gen- 
erates additional stiffness and damping between the rotor and stator. The inclusion 
of these magnetic effects is limited by the availability of portable motor models. 
The aim of this paper is to introduce a portable digital twin of induction motor for 
electrical drive trains. This digital twin is based on the linearization of common 
equivalent-circuit models of induction motors. The calculation results for a motor- 
driven reciprocating compressor demonstrate the accuracy and advantages of 
developed digital twin. 


1 INTRODUCTION 


Electric power is transmitted from energy sources to various mechanical machines. An 
electric motor constitutes a part of this power flow by converting the electric energy to 
mechanical one. These electro-mechanical power drive trains are dynamical systems 
and sensitive for harmful vibrations. An essential part of the electrical drive-train 
design is a torsional vibration analysis. This analysis requires inertia and stiffness data 
of all drive train components together with loading and damping parameters. In most 
industrial cases, these components are designed and manufactured by separate pro- 
ducers. Usually, these producers are well-acquainted with their own components, but 
only superficially familiar with other components. This poses a remarkable challenge 
to the system integrator to successfully take the responsibility of drive-train 
vibrations. 


An excellent example of these challenging systems is a motor-driven reciprocating- 
compressor. Increased requirements of calculation accuracy have resulted in the 
inclusion of magnetic stiffness and damping in torsional analyses. Due to this need, 
simple formulas, based on the motor characteristic data, have been presented for the 
evaluation of these magnetic parameters (1-3). These formulas are based on the 
equivalent circuit models, developed to describe steady-state and transient motor 
behaviour, and used also for the evaluation of magnetic stiffness and damping (4-10). 
The accuracy of equivalent circuit models can be improved by calculating the param- 
eters by numerical methods using the actual geometry of active parts (11-13). 


Application of these simple electro-mechanical motor models has been insignifi- 
cant. A remarkable shortcoming has been the poor portability. It has been difficult 
to use the motor model as a part of standard torsional analysis without an in- 
depth knowledge of electromagnetics of motors. However, the motor is only one 
component of a power drive train with well-defined input and output parameters. 
The input is described by the supply voltage and shaft torque, and the output by 
the supply current and shaft speed. Only the details and generation of this “black 
box” requests the expertise of electrical engineers. In this paper this black box is 
referred as digital twin. 
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The main aim of this paper is to introduce a digital twin of induction motors for tor- 
sional vibration analysis of electrical drive trains. The aim is to describe the derivation 
of the digital twin, the accuracy of this representation, and the application to torsional 
analysis. 


This paper is based strongly on the methods and findings of two previous papers (12- 
13). This paper starts by describing the requirements for a digital twin of electric 
motors used in torsional analyses. Next, the main equations of the equivalent circuit 
model are presented with a special focus on linearization. These equations form the 
basis for digital twins. After that, a digital twin of an example motor is derived, and the 
characteristics are described. Next, this digital twin is used to calculate the character- 
istics and forced response of a motor-compressor system. The results demonstrate 
the usefulness of digital-twin approach in torsional analyses. 


2 DIGITAL TWIN IN TORSIONAL ANALYSIS 


The electro-mechanical power drive train consists of separate components. The power 
flow is represented by voltage-current and torque-speed pairs between the compo- 
nents. The system components are separated by these simple interfaces. Thus, in 
principle, the components can be modelled separately, and connected by well-defined 
interface nodes. Figure 1 shows an example of a motor-driven reciprocating- 
compressor system. 


a component | 


m Power flow l 
Electric | ee | Process 
Grid Po 1 | 
U | Frequency U | Electric | T T | Ap 
—t+ —— m Coupling m Compressor 
converter | Motor F 
I f j l o o m 
l Digital twin of | 
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Figure 1. — Digital twin of a motor-driven reciprocating-compressor system. 


The requirements for the digital twin of electric motors can be outlined as follows: 


a) Accurate enough representation of actual system in various operating 
conditions 

b) Automatic generation of model parameters for actual motors based on cata- 
logue codes or serial number 

c) Standardized interface based on input and output parameters 

d) Protection of sensitive product information 

e) Suitability for web-based systems with Application Programming Inter- 
face (API) 


3 DIGITAL TWIN OF INDUCTION MOTORS 


3.1 Equivalent-circuit model of electromagnetics 
A single-cage equivalent-circuit model for an induction motor written in a reference 
frame that rotates at an arbitrary angular speed a, is (12) 
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uk = Ro — Ë + y", + jax — yk 
k * 
0 = Ro — ii + yie +i(@x — o) — wk (1) 


where —u‘, —i and —y* are the space vectors of stator voltage, stator current and 
stator flux linkage, -Ï and —y are the space vectors of rotor current and rotor flux 
linkage, R.o is the stator resistance, R,o is the rotor resistance, w is the angular speed 
of the rotor, œx the angular speed of the frame of reference with respect to the stator, p 
is the number of pole pairs, T. is the electromagnetic torque, j is the imaginary unit, an 
asterisk denotes complex conjugation, the subscript t the time derivative, and sub- 
script 0 refers to the parameter values of non-linear large-signal model. 


The linear relation between the flux linkages and currents is 


k k ak 
Wo Ls — i sR Lno — Í T 


2 
E h + Lat @) 


where L,o and L,o are the self-inductances of the stator and rotor windings and Lyo is 
the mutual inductance between them. 


The system of equations (Eq. 1) is non-linear when used for torsional vibrations 
because of the product of angular speed and rotor flux linkage in the second equation, 
and the product of stator flux linkage and stator current in the third equation. How- 
ever, typical vibrations occur as oscillations around an equilibrium point determined by 
the current steady-state operation. Further, it is reasonable to assume that the small 
oscillations of the system around the equilibrium point are linear. 


The system can be linearized at an operation point. Using the reference frame rotating 
at the synchronous speed, i.e. œk = as, the linearization yields a linear small-signal 
model 


H L.A Ke + josL,A — È + LmA Dr + josLmA — Ë = 0 
R,A — Ë + LmA — Be + j(@s — wo)LrmA — f+ L;A ie + j(@s — @o)L-A — f =j — yg Aw (3) 
AT, = 2 plm(—y5A — Ë + RA — ys") 


s 


where the currents have been chosen as the free variables, A denotes a small variation 
from the steady state value, i.e. a small signal variable, and —/), — Vo; —y4, and wo are 
the steady-state stator current, stator flux-linkage, rotor flux-linkage and angular 
speed of large-signal model. 


It can be added that the equivalent-circuit models of Eqs. 1 and 3 can be improved by 
including the skin effect of rotor bars. This skin effect may affect significantly the elec- 
tromagnetic response of the motor to torsional oscillations. The modelling of this skin 
effect can be carried out by increasing the number of rotor branches, i.e. by using 
double- or triple-cage models (12). 


3.2 Magnetic stiffness and damping 

The angular speed o in Eqs. 1 and 3 is given in electrical radians per second following 
the research tradition of electrical machines. The relation between these angular 
speeds and positions are 
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ee (4) 

Y= Pim 
where 2m is angular speed in mechanical or physical radians per second and yp» is 
angular position in mechanical radians. Further, the electromagnetic stiffness and 
damping can be calculated by assuming harmonic variation of all small signal variables 
like 


Ait = it + a (5) 


where Î and iS, are the complex amplitudes of the stator current variation, and ay is 
the oscillation frequency. This yields for the Frequency Response Function (FRF) 
between the torque and angular position amplitudes as function of oscillation 
frequency 


Ab eas 3j an Tsa s Fs Fs s/a 
T./},,(@a) = Fp (wisn + WS ho — Yolo — TAi) la (6) 


The electromagnetic stiffness and damping coefficients are obtained from the real and 
imaginary parts of this FRF 


ken (oa) = -Re(T./7,,) 
Com (oa) = - 21m (F./3,,) 


3.3 Digital twin of induction motor 
The equations of motion for a rigid rotor are 


i (8) 
m m,t 

where J is rotational inertia, and Tm is the load torque. By substituting the voltage and 
torque equations (Eq. 1) together with the flux linkages (Eq. 2) into the equations of 
motion (Eq. 8) yields in the stator reference frame (a = 0) 


u? = Ro — I? + Lso — iP, + Lmo — 1 


s 


Lno — Ke + Lio — Re — iP@m(Lmo -R + Lo i) 
3 pLyolm(—i- = R) = JAmt Bg Tm 
Qm = Ym,t 


0 =Ryo — i? 


where the superscript 0 refers to the stator reference frame. Equation 9 can be pre- 
sented in matrix form as 


u = Rox + Lox +t (10) 


where the complex valued vectors and matrices are now defined as 


u={-uo 0 -mm 0Y x={ -P -P Qm ma Y (11) 
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Ro 0 0 0 Lo Lw 0 20 
Ros —jPmLmo z R; — jPmLro 0 0 Laz Lmao Lio 0 0 
o~ | j3 pLw -i jĝpLw- 0 0 0/° 0 J 0 

0 0 -J 0 0 0 0J 


The solution for this non-linear first order differential equation (Eq. 10) can be sought 
by multiplying the equation by the inverse of the matrix Lo 


xt = —Lo’Rox+Lptu (12) 
The flexural shaft line can be modelled by adding stiffness and inertia elements to the 
system. As an example, the shaft of an induction motor is modelled by a two-inertia 


system consisting of two discs connected by a massless shaft. This yields for the vec- 
tors and matrices 


TT; 
w={-u9 0 0 -% 0 OF x={-? -@ Ou On2 ta ma} — (13) 


Rso 0 o 000 
—jPÊmLmo R; — jPÊmL,0 0 0 0 0 
Ria | ~saPlmo— i j3PLmo— ®t 000 
000 C2 ki2 —ky2 
000 -J 0 o 
000 0 -h 0 
Lo iwm 0 0 0 0 
Lo Lo 0 0 0 0 
o 0 4 000 
Lo=| 0 0 ye 0 
0 0 00% 0 
0 0 0 0 0 Jo 


where index 1 refers to the rotor core and 2 to the shaft end, c; is the viscous damping, 
kı2 is the torsional stiffness between the elements, and Ts is the shaft-end torque. 
The mechanical inertia, stiffness and damping can be defined as effective values. 
Thus, a non-linear digital twin has been developed with the time dependent supply 
voltage (—u°) and load torque in the shaft-end (Ts) as input variables. The output vari- 
ables are the supply current (-?) and the shaft end angular speed (m2). 


Similarly, the combined voltage (Eq. 1) and motion (Eq. 8) equations can be linearized 
and presented in matrix form as 


Au = RAx + LAx¢ (14) 


where the real valued vectors and matrices are now defined as 


Au={0 0 0 0 -ATpn O}TAx={ AR, AR, AR AÑ, An Am} (15) 


L O La 000 
O L O La 0 O 
aa te 0 L 000 
5| O LO LOO 
000 070 
000 00J 
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where the slip is defined as S= (ws — Pm)/@s, and the stator and rotor currents as 
=i = +j&, and -Ë = + ji. The solution of this linear first order differential equa- 
tion (Eq. 14) can be sought by multiplying the equation by the inverse of the matrix L 


Ax, = —L>+RAx+LtAu (16) 


The flexible rotor model can be included into the linear equations (Eq. 14) as was 
made for the non-linear equations above. This yields a linear digital twin at a steady- 
state operation point with the time dependent load torque in the shaft end (ATs) as 
input variable, and the shaft end angular speed (AQm2) as output variable. It can be 
mentioned that the eigenvalues and -modes can be easily defined for this linear 
system. 


3.4 Identification of model parameters 

The resistance and inductance parameters for the equivalent-circuit model were calcu- 
lated by the time-harmonic FE analysis (14). The effective parameters (Ryo, Lso, ..-) 
were obtained for the rated operating point with steady-state currents from Eq. 1. The 
small-signal linearized parameters (R,, Ls, ...) were obtained from Eq. 3. 


4 CALCULATION EXAMPLE 


A 3.7 MW induction motor was used in all the calculation examples. The main param- 
eters of this motor are shown in Table 1. 


Table 1. Rated parameters of the example motor. 


Parameter 


Power 


Frequency 


Speed 


Number of poles 


Connection 


Voltage 


Current 


Rated torque 


Breakdown torque 


Moment of inertia 


4.1 Parameters of digital twin 

The rotor model consists of two disks with mass moments of inertia J; and J2 con- 
nected by a massless shaft with a torsional stiffness k;2. The index 1 refers to the 
rotor core and 2 to the shaft drive-end. The torsional natural frequencies of the rotor 
were first calculated with a refined model for two cases with different boundary condi- 
tions, i.e., a) fixed in the drive end and free in the non-drive end, and b) free-free. The 
respective natural frequencies were 34.2 Hz and 175.8 Hz. The parameters of this 
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simple model were fitted by adjusting the natural frequencies and the mass moment 
of inertia equal to those of the refined model. This approach yielded the parameters: 
J, = 211.4 kgm’, J2 = 8.3 kgm? and kız2 = 9.775 MNm/rad. It was assumed that the 
mechanical damping was negligible, and thus, the viscous damping parameters were 
set Cy = C2 = 0 Nms/rad. 


The electrical parameters were calculated by time-harmonic FE-analysis with a 2D- 
model of the core region (14). Table 2 shows the results for the no-load and rated 
operation at 60 Hz supply frequency. Similar parameters can be calculated for a two- 
cage and three-cage models. While the single-cage model has 5 parameters, the two- 
and three-cages models have 9 and 13 parameters, respectively. 


Table 2. Electrical parameters of single cage model in rated and no-load 
operation. 


Non-linear Linearized 
No-load Rated No-load Rated 
23.457 24.492 s | 23.486 23.342 
19.480 19.450 18.900 18.668 


30.470 29.386 ‘ 13.119 12.686 
30.030 29.004 12.981 12.507 
28.904 27.921 11.963 11.579 


Table 2 shows that the loading of the machine does not affect the parameters signifi- 
cantly. The effects of loading and speed are extensively studied in (13). 


4.2 Magnetic stiffness and damping 

Figure 2 Shows the magnetic torsional stiffness and damping in the rated operating 
condition calculated by linearized equivalent-circuit models and by FEM. The FE results 
obtained by the time-stepping method for each oscillation frequency separately are 
assumed to be the most accurate and will be used here and later as reference values. 
The results of Hauptmann et al. (3) are calculated by an analytic formula based on the 
rated torque, rated slip, supply frequency and breakdown torque. The single cage 
model is obtained by linearizing the system equations (Eq. 3) but using the values of 
large-signal model for resistances and inductances (R.o, Lso, ...). The single- and 
double-cage models with the epithet “linear RL” use the same system equations, but 
the linearized resistance and inductance (Rs, Ls, ...) are applied. 


Figure 2 Shows that the linearized resistance and inductance parameters improve the 
accuracy of the model. Similarly, the double-cage model increases the accuracy sig- 
nificantly. The triple-cage model gives very similar results (not shown) than the 
double-cage model. 


4.2 Eigenvalues of motor digital twin 

The natural frequencies and damping factors, derived from the eigenvalues of the 
system matrix, were calculated for the digital twins of the motor using different cage 
models. The digital twin models are denoted by DTwin N, where N refers to the cage 
number. Table 3 shows the results together with the reference values obtained by FEM 
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with time-stepping method. In this case a sinusoidal torque pulse (0...360°) was 
given to the rotor and the Frequency Response Function (FRF) between the speed and 
torque was derived. The parameters of the torque pulse were: At=0.005s and 
Tmax = 200 kNm. The simulation time was 10 s and the modal parameters were esti- 
mated by using the peak picking method of real part of FRF. 


Table 3 shows that due to the magnetic stiffness the frequency of rigid body mode is 
about 9.4 Hz and damping ratio 10 %. The prediction capability of digital twins is 
good. It was not possible to identify the electrical mode from FEM results using purely 
mechanical FRF between the rotor speed and torque. All the models yield the same 
natural frequency for the first elastic mode. However, FEM gives for the damping ratio 
2.75 %. This is against the expectations, but the origin for this high damping value is 
not known. 
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Figure 2. Magnetic stiffness and damping in rated operating condition. 


Table 3. Natural frequencies and damping factors of motor digital twin in 
rated condition. 


Mode type 


Rigid body Electrical First elastic 
Model f [Hz] €[%] f [Hz] €[%] f [Hz] €[%] 
DTwin 1 | 9.417 _8.59 | 59.96 3.19 175.8 0.00 
DTwin 2 | 9.437 10.19 59.77 3.66 175.8 0.00 
DTwin3 | 9.483 10.98 | 59.80 3.67 175.8 0.00 
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4.3 Motor driven reciprocating compressor 

The example motor drives a compressor. The drive train consists of following compo- 
nents: motor, flexible coupling, flywheel and reciprocating four-cylinder compressor. 
This compressor can be used in direct-on-line operation with constant speed 
895.3 rpm or in variable speed operation (450 - 900 rpm) supplied by a frequency 
converter. The mechanical drive train was generated by connecting the mock-up digi- 
tal twins of all components. The number of inertias of these components was: motor 
2, coupling 2, flywheel 1, and compressor 11. Viscous damping was added to the com- 
pressor cylinder locations. The structural damping induced by the flexible coupling 
was neglected due to missing modelling capabilities. 


Table 4 shows the natural frequency and damping ratio for the lowest modes. For ref- 
erence, the values are calculated also without magnetic effects. The natural frequen- 
cies and damping factors of the digital twin with triple-cage model were obtained from 
the eigenvalues of the system matrix. The first mode without magnetic effects is the 
rigid body mode. The main deformation of the second mode occurs in the flexible 
coupling. The third mode is an internal mode of the coupling, and in the fifth mode the 
flywheel and the compressor line are in the opposite phase without angular displace- 
ment of the motor. 


Table 4. Natural frequency and damping ratio for five lowest modes of 
motor-compressor system at rated operation. 


Mode type 


Rigid body First elastic Coup. local Electric Comp. local 


f rs f a f ¢ 
Model [Hz] | [%] | [Hz] | [%] [Hz] | [%] 
DTwin 


3 w/o 0.00 0.00 ; 3 A i 130.3 | 0.92 
EM 


DTwin3 | 4.18 8.81 : : 130.3 | 0.92 


FEM 4.19 8.59 - - 


Table 4 shows that the electromagnetic interaction increases clearly the natural fre- 
quency and damping ratio of the first two modes. The effect on modes 3 and 4 is negli- 
gible. This is logical due to the modal amplitudes of the modes 1 and 2 in contrast to 
the amplitudes of the modes 3 and 4. The prediction capability of digital twin with 
triple cage model is good. 


Advantages of electromechanical digital twin are manifested when forced response 
analyses are needed. This is the case particularly with motor-driven reciprocating 
compressors. These compressors have large fluctuation of torque. Figure 3 shows, as 
an example, the coupling torque in the rated operating condition. The excitation 
torques are given separately for each throw using 24 lowest orders. In this case, the 
amplitude of coupling torque is 5.27 kNm that is 14.7 % of the average torque. 
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Figure 3. Coupling torque of reciprocating compressor train in rated 
operating condition. 


The potential of reduced models comes up when large number of cases must be calcu- 
lated. This is the case with variable speed applications. Figure 4 shows the vibratory 
torque amplitude in four cross sections of the example compressor train. An effective 
viscous damping value for the structural damping of the coupling was added by equat- 
ing the dissipations of these damping models at the frequency 37.3 Hz. This frequency 
is the same as the natural frequency of the local coupling mode. 
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Figure 4. Vibratory torque amplitude in motor-driven compressor train. 


5 DISCUSSION & FURTHER WORK 


A digital twin of induction motors for torsional analysis of electrical drive trains was 
presented. This electromechanical digital twin represents the system dynamics 
between the electric power supply and shaft-end torque and speed. This digital twin 
consists of two parts: one non-linear system for the determination of slip and steady- 
state currents, and one linearized system for vibration studies. 


The obtained results indicate that the accuracy can be significantly increased by using 
the double- or triple-cage model for the electromagnetics, and by using the resist- 
ances and inductances identified by the small-signal FE-model in steady-state 
condition. 


The computational size of the presented digital twin is very small. However, the accur- 
acy is relatively high due to the model parameters identified by FEM. In principle, the 
parameters of this digital twin can be generated automatically for actual motors. Thus, 
it suits well to be used with Application Programming Interface (API). 


Currently, the main challenge is related to the standardisation of API protocols 
between component providers. 
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CONCLUSIONS 


The obtained results show that the torsional vibration behaviour of an induction 
motor can be modelled accurately by a simple digital twin. This electromechanical 
digital twin represents the dynamics between the inputs, i.e. supply voltage and 
load torque, and outputs, i.e. supply current and shaft speed. The accuracy of this 
digital twin is achieved by linearization of system equations and by identification 
of system parameters with FEM. The calculation example of a motor-driven recip- 
rocating-compressor train demonstrate the potential applications of this digital 
twin approach. 
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ABSTRACT 


A reduced semi-analytical model for gas foil bearings is presented, which allows time- 
efficient run-up simulations, while maintaining the main physical properties of the gas 
foil bearing. Hence, it may be used to optimise the rotor/bearing system over the com- 
plete speed range. The nonlinear force/displacement relationship of the bearing is 
approximated with hysteresis curves, generated in a pre-processing step by means of 
numerical simulations or measurements. Instability effects caused by the gas film 
cannot be predicted with the presented model, however, the nonlinear response of the 
rotor-bearing system may be predicted accurately, if the rotor speed is below the 
threshold speed of instability. 


1 INTRODUCTION 


In literature, different design variants for gas foil journal bearings have been pre- 
sented and investigated. Foil bearings usually consist of top and bump foils. Alterna- 
tively, beam or wing foils may be used to support the top foil, see Ref. (1, 2); metal 
mesh (Ref. (3)) or spring (Ref. (4)) structures have also been analysed in literature. 


The principle of operation of gas foil bearings is very similar to classical hydrodynamic 
oil film bearings. When the shaft starts to rotate, gas is dragged into the gap between 
the journal and the top foil and pressure is generated in the gas film. The gas gap is 
a function of the pressure field in the fluid film due to the elasticity of the foils. While 
the top foil provides a smooth surface for the fluid flow, the bump/beam foil yields the 
necessary elasticity and support against the housing. Dissipation in gas foil bearings is 
mainly generated by dry friction at the contact points between the foils and at the con- 
tact points with the housing. Viscous damping effects are usually of minor importance 
in gas foil bearings. As a consequence, the here presented model only takes dry fric- 
tion into account. 


A preload can be applied to bearings in various ways; for instance it may be created by 
defining wedges in the bearing with shims or with a lobed inner housing profile, see 
Refs. (5, 6). Or it may be induced by the deformation of the foil structure during the 
bearing assembly, see Ref. (7). The influence of preload on the static behaviour of the 
bearing is examined in Refs. (7, 8); the effect on the rotordynamic behaviour is dis- 
cussed in Refs. (5, 6). 


Furthermore, there exist single pad bearings (circular bearings) and three-pad bearings. 
In Ref. (9), single pad bump type bearings and preloaded three pad bump type bearings 
have been considered. In this work, the single pad bearing revealed a higher load cap- 
acity. On the other hand, preloaded three-pad bearings often show an enhanced rotordy- 
namic performance at high rotor speeds (improved stability behaviour). 


To make use of both advantages, several hybrid bearings have been presented, e.g. 
applying external pressure (see Ref. (10)) or using actuators to actively adapt the pad 
curvature (see Ref. (11)). The thermal behaviour of gas bearings is investigated in Ref. 
(12, 13) for instance. The influence of the top foil coating is investigated in Ref. (14). 
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Figure 1. A) Geometry of a three pad gas foil journal bearing b) Generation 
of the 2D hysteresis field. 
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In this manuscript, preloaded three-pad bearings with bump foils are considered, see 
Figure 1a). Using a preload has different advantages and disadvantages. Stiffness/ 
friction of the bearing is increased, if the preload is increased, which usually also 
increases the threshold speed for gas film induced instabilities (whirl/whip instabil- 
ities). However, the friction torque during the starting process of a rotor run-up will be 
increased. It should be mentioned that the friction torque in the air-borne region may 
not notably be affected by an increased preload, see Ref. (15). Calculation of gas foil 
bearings requires complex multi-physical models, see Refs. (7, 16). Such detailed 
quasi-static models are usually applied for optimisation of the bearing with respect to 
bearing load, thermal properties, etc. For transient rotordynamic simulations, very 
detailed thermo-elasto-hydrodynamic bearing models will entail very large simulation 
times or may even not be used for transient calculations. To analyse and optimise the 
rotor/bearing system over the complete speed range, reduced and very time-efficient 
models are necessary and useful. 


In literature, different reduced bearing models have been developed. In the models 
presented in Refs. (17-19), the damping effects of the gas film are neglected and an 
infinite stiffness is assumed. The stiffness of the foil structure is modelled by a one- 
dimensional radial force function; dissipation is taken into account with a structural 
damping approach. In the current manuscript, precise nonlinear two-dimensional 
force fields are used by considering the radial and the circumferential dependency of 
the bearing forces. The model in this paper does not apply a structural damping 
approach; dissipation is modelled by a nonlinear physical friction model. It is men- 
tioned in Ref. (18) that neglecting the fluid film stiffness may only be justified - for the 
bearing type analysed by the authors - if the rotor speed is high enough. It should be 
stressed that a different bearing design is analysed in the paper at hand. Here, foil 
bearings with a larger mechanical preload are considered. As has been shown in Refs. 
(7, 20), stiffness of the fluid film may be neglected compared to the structural stiffness 
of the foils in this case. Furthermore, due to the large mechanical preload, fluid film 


induced bearing instabilities may be suppressed in the operational speed range. Note 
that these positive features of highly preloaded bearing come at a price: The friction 
torque during the starting phase may be increased significantly if highly preloaded 
bearings are used, see Ref. (15). 


More detailed bearing models in connection with transient simulations have been 
used in Refs. (21, 22). In Ref. (21), for instance, a transient bearing model has 
been presented, where the fluid film is taken into account. The stiffness of the foil 
structure and its influence on the gas gap is modelled by a linear force model; 
dissipation is considered with the help of a structural damping approach. Another 
detailed transient bearing model that takes the fluid film and an elastic fluid gap 
into account is presented in Ref. (22). The authors use a more detailed model for 
the foil structure: The foil model is based on a linear structural model, where dis- 
sipation is taken into account by a modal damping approach. Also, a comparison 
with test rig results is carried out. 


A reduced hysteresis model for gas foil bearings has been presented in Ref. (20). 
Here, an extension and generalisation of this approach is discussed. The reduced 
gas-foil bearing model of Ref. (20) is based on a 2-dimensional look-up table 
approach. Therefore, hysteresis curves have to be generated in a pre-processing 
step either by measurements or by nonlinear finite-element simulations. To gen- 
erate the hysteresis curves, the rotor shaft of a gas foil bearing is moved in radial 
r-direction and the radial and tangential bearing force components are determined 
as a function of the radial displacement. This procedure is carried out for different 
directions y. As a result, two force fields in the r,y-plane are obtained, namely 
a radial force field F;(r,r,y,)—e- and a tangential force field F,(r,r,y,)—e,. Here, 
we consider gas foil bearings with a preload as in Ref. (7). Stiffness, friction and 
damping of gas foil bearings are generally determined by the structural compo- 
nents (top foil and bump foil) and by the gas film. For the considered bearing 
design, stiffness and damping properties of the gas film may be neglected in com- 
parison to the structural components, if the preload is large enough. In this case, 
the fluid film may be considered as rather stiff compared with the foil structure, 
as outlined in Ref. (20). Moreover, if the preload is large enough, gas film induced 
instabilities (whirl/whip phenomena) are expected to occur at higher rotor speeds, 
i.e. above the nominal rotor speed. Hence, the bearing is mainly characterised by 
the stiffness of the top and bump foil and the friction between top and bump foil 
as well as between bump foil and housing. Note that friction between top foil and 
shaft is comparatively low due to the gas film, see Ref. (7). 


The here considered bearing model only requires data from radial hysteresis curves. 
This reduces the effort for the preprocessing step (generation of the hysteresis 
splines) significantly, especially if the input data are generated by experimental hys- 
teresis measurements. In order to enable arbitrary rotor motions during transient 
simulations, a special method based on a projection approach is applied. Numerical 
simulations with a detailed nonlinear finite-element reference model indicate that the 
presented reduced model, which only requires radial hysteresis curves, may also yield 
accurate results for arbitrary shaft motions. 


Compared to the model derived in Ref. (20), the here presented extended 
approach contains two modifications. The first modification lies in the calculation 
of the tangential elastic bearing forces. In the original version of Ref. (20), the 
radial and the tangential elastic force fields are both directly determined by 
measurements/simulations. In the new extended version, only the radial elastic 
force component is measured/simulated, while the tangential elastic force com- 
ponent is calculated with the help of a force potential function. This modified 
force calculation has different advantages. The main benefit is that the extended 
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approach will always yield conservative elastic forces fields. In Section 4.2, 
a run-up simulation is presented, which shows the advantages of the new 
approach. While the original force calculation based on Ref. (20) produces artifi- 
cial self-excited oscillations, the new approach shows correct results without any 
non-physical vibration effects. A second modification lies in a refined generation 
of the hysteresis curves. While the model discussed in Ref. (20) is based on 
centred hysteresis curves, the extended approach is based on off-centred hys- 
teresis curves, where the hysteresis curves are generated with respect to the 
static equilibrium position of the rotor. 


2 REDUCED BEARING MODEL APPROACH 


2.1 Generation of hysteresis curves 

In Figure 1a), the here considered three-pad bearing is illustrated. The centre of the 
space-fixed x,y-system is located in the static equilibrium position of the bearing. Fur- 
thermore, a polar coordinate system is defined. The radial and tangential unit vectors 

+ cos — sin 

are given by e, = Go ande, = ( fens 

Here, y denotes the angle between the x-axis and the displacement vector of the rotor 
journal. In polar coordinates, the velocity vector of the journal centre reads 
v=re,+r¢ge,. Ignoring the fluid film, which is assumed to be very stiff, the resulting 
bearing force can be expressed as a function of the rotor position and the rotor vel- 
ocity. Representation of the bearing force in polar coordinates yields 


F=F,(7,7,9, pje, + Folr, i, p, Dey (1) 


A key point of the presented bearing model lies in the fact that only hysteresis curves 
resulting from purely radial rotor displacements are required as input data. Thus, we 
consider a set of mere radial rotor displacements (y=yc= const.), which are prescribed 
by a harmonic oscillation with a fixed amplitude for instance, see Figure 1b). After 
a certain number of oscillation cycles, closed hysteresis curves for F, and F, are 
obtained, which will be used as input data for the reduced bearing model, see Figure 
2a). It should be noted that the shape of the hysteresis curves F, and F, will usually 
depend not only on the angle ye, but also on the amplitude of the prescribed 
oscillation. 


The hysteresis curves for F, andF,, can be separated into an upper and a lower curve, 
(FY and Fi, F and F}), see Figure 2a). The sign of r defines whether the upper or lower 
curve has to be used: 


F; (r, Pe) = F(r,7>0, 9,6 = 0), (2) 
Fi(r, pe) = F-(7,7<0, 9, 2 = 0), (3) 
Fr, Ge) = Folr, i >0, 9, ġ = 0), (4) 
FL (r, pe) = Fy(r,7<0, 9, ġ = 0). (5) 


2.2 Implementation of hysteresis curves 

For the reason of a clear representation, the here considered bearing model is 
explained in two steps. In the first step, the implementation of the hysteresis curves 
for a purely radial rotor movement (constant angle y-) is presented. In a second step, 
arbitrary rotor movements are considered. 
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Figure 2. a) Generation of radial and tangential force components b) Separ- 
ation into elastic and dissipative force parts. 


2.2.1 Implementation for purely radial rotor motion (r¢const.,p=9,= const.) 
Specifying the rotor position, i.e. defining the radial coordinate r and the constant 
angle c, the radial force component F, and the tangential force component F, take 
the value of either the upper or the lower curve of the corresponding hysteresis curve 
(determined by the sign of r). If the sign of r changes, an instantaneous jump from 
the upper to the lower curve (or vice versa) occurs. In the framework of our model 
approach, the hysteresis curves for the radial and tangential force components are 
separated into curves representing the centre line (F and F£) and curves defining the 
width of the hysteresis curves (Ff and F8), see Figure 2b). Physically, the centre line 
curves FP and FẸ characterise the nonlinear elastic behaviour, while F? and Fe repre- 
sent the dissipative effects. Hence, the bearing force components can be separated 
into the subsequent two parts 
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F,(r,7,c, 9 =0) = Fe + Ff, (6) 


pi 


F,(r,7, pe, 2 = 0) = F$ + Fh. (7) 


y 


The elastic and dissipative force parts are given by 


Flr, pe) + Flr, Ge) 


Folre) : 6 
rogo = POLDERA é 
Fir, h po) = PP) = Fle). sigala) (10 
a(i pe) = Eorsi oe Pe) Sigal), (11 


For a fixed angle yc, the elastic force parts F? and FẸ only depend on the radial dis- 
placement r, while the dissipative force parts F and F9 also depend on the sign of r. To 
avoid numerical problems, the sign function is replaced by the polynomial 


EE Rela eee EA (12) 


sign(*) = xa os 


where e characterises a small, user-defined constant (e.g. «=10-8 m/s). 


2.2.2 Implementation for arbitrary rotor motion (r¢const.,g¢const.) 

The here presented bearing model only uses radial hysteresis curves as input data. In 
order to use these data also for arbitrary motions, approximation formulas for F, and 
F, have to be found on the basis of the force hystereses for purely radial journal 
motions. 


2.2.2.1 ELASTIC FORCE PART 

To determine the elastic force part for arbitrary rotor motions, two modifications are 
carried out. Firstly, the constant angle yc is simply replaced by a variable angle y, 
which is possible since the elastic force parts only depend on the rotor position (r, y) 
and not on r and ¢. Secondly, one has to ensure that the elastic force part remains 
conservative. A direct application of the components Fr(r, p) and F£(r, p) may generally 
not exactly yield (only approximatively) a conservative elastic force field. 


The reason for the fact that the elastic force components Fẹ (r, p) and F$ (r, p) will gen- 
erally not represent a conservative elastic force field can mainly be traced back to the 
(rather intuitive) separation of the hysteresis curves into an elastic and dissipative 
part according to Figure 2b). In connection with hysteresis-type forces, it is very 
common to interpret the centre line of the hysteresis as elastic force part and the 
width as dissipative force part. This separation seems to be very reasonable and 
useful from the practical point of view, but it still remains an assumption. While this 
kind of force separation can be applied to one-dimensional hysteresis curves without 
further consideration, an application to two-dimensional hysteresis fields requires 
thorough attention as Ff (r, p) and F$(r, p) will generally not (exactly) represent a non- 
rotational force field. 
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If the force field is not conservative, non-physical and destabilising effects may occur. 
Therefore, we have to ensure that the elastic force part has a potential Ug, i.e. we 
have to guarantee that the following equation is fulfilled 


VUg = F° = Fre, 4 Fey: (13) 


Since the components Ff and F are obtained through simulation/measurement, 
equation (13) is usually not satisfied. 


To ensure that Ff and FẸ remain conservative, the following procedure is applied. Firstly, 
the radial force component is calculated by F®(r,y~) =4(F¥(r,y) + Fi(r,¢)), where the 


spline functions F¥(r,~) and F'(r,y~) are generated from measured or simulated data. 
The radial elastic force spline F£ (r, p) is analytically integrated in radial direction, which 


directly gives the elastic potential Ug(r, y) = — Fe y)dr. Then, the partial derivative 


with respect to y is calculated, which directly yields an analytical expression for the tan- 
gential component, namely F° (r, p) = — Bele), Hence, F¢°"(r,) is used instead of 
the measured/simulated spline F&(r, p) so that Conservativity is guaranteed. In Section 
4.2, a numerical example is given, which clearly shows the benefit of this procedure. 


P ~i 
auxiliary line 


S 
e 


Figure 3. Geometric relations for arbitrary rotor movements. 


2.2.2.2 DISSIPATIVE FORCE PART 

The components of the dissipative force part Ff and F9 are functions of the rotor pos- 
ition and the rotor velocity. Their definition according to Eq. (10) and Eq. (11) is only 
valid for purely radial motions and therefore needs to be generalised for arbitrary rotor 
motions. The basic idea for the approximated calculation of the dissipative force parts is 
shown in Figure 3. The rotor position is represented by the vector r (distance r, polar 
angle y). The corresponding velocity is v. Next, an auxiliary line through the origin is 
constructed, which orientation is determined by the current velocity vector v. e, denotes 
the related unit vector. y* represents the corresponding polar angle that can be calcu- 
lated by y* = p+ arctan(“P), Then, the position vector r is projected onto the auxiliary line 
(projection point P). The velocity vector v remains unchanged during the projection. 
The projected distance between P and the origin is given by r* = rcos(p* — vy). The dis- 
tance between the rotor and P reads a = rsin(y* — y). To approximate the dissipative 
force part, we assume that a is sufficiently small. Based on this assumption and with the 
help of the unchanged velocity v, one may approximately replace the current rotor pos- 
ition by the projection point P for calculating the dissipative force parts. Hence, the dis- 
sipative force part can be computed by using the projected position defined by r* and y* 
and by making use of corresponding radial and tangential hysteresis curves F, and F,. 
Then, we obtain the approximated radial and tangential force terms 
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Fir’, o) —Fi(r’,¢*) 
2 


* *) Bl x Ak 
Heraa eee (15) 


Fi (r,i, 9,9) 


(14) 


It should be noted that the sign function is no longer required, because the information 
of the direction of the motion is included in y*. Furthermore, it should be stressed that 
the approximated dissipative force parts according to Eqs. (14) and (15) are force 
components with respect to a polar coordinate system with the unit vectors 


rat — goj in* 
e, =(P \ande, =( Y ), 
sin y P cos py” 


Finally, the resultant bearing force, which consists of the elastic and the dissipative 
part, can then be computed by 


F=F+F (16) 

with 
E = F; (r, p)e, + F3 (r, yey, (17) 
Fl = FÈ (r,i, p, den + FL (r,i, 9, Dey (18) 


The accuracy of the approximation of the dissipative force part depends on the dis- 
tance a. The smaller a, the better the approximation is. 


2.2.3 Summary of the implementation 

Firstly, hysteresis curves for the force components F, and F, are computed for fixed 
angles y = a i.e. F-(r,F,0°,0), Fy(r,F,0°,0); Fr(r,rF,15°,0), F,(r,r,15°,0),..., 
F-(r,F, 345°, 0), Fp(r,F, 345°, 0). Secondly, the related force functions Fu, FY, F, and Fl 
are calculated and represented by Akima-Splines, for instance. In tangential direction, 
a linear interpolation approach is applied. 


3 MODEL VERIFICATION 


To validate the reduced bearing model of Section 2, a finite-element reference model 
is used (see Ref. (7)). The nonlinear FE model consists of a rigid rotor journal, the top 
foil and the bump foil and the rigid circular bearing housing. Since the considered 
bearing shows a symmetry with respect to the x,y-plane, a 2-dimensional model will 
be sufficient. The bump and top foil are modelled as geometrically nonlinear beams. 
The contact between journal and top foil is assumed to be frictionless, whereas the 
contacts between the bumps and the top foil are modelled as stick-slip contacts. Stick- 
slip contact is also assumed between bump foil and housing. The model contains 
approximately 9000 elements. Contact in normal direction is enforced with a penalty 
approach. The motion of the journal is kinematical prescribed according to 


Xjoumal = —6ym sin(—)t) — 4um sin(—4;2), (19) 


journal 6um cos(—1t) — 4um cos(—4)t) — 30um, (20) 


The corresponding journal orbit is shown in Figure 4a). The reaction forces Fr, and Fry 
in x- and y-direction acting at the rotor journal are plotted in Figure 4b). The FE 
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reference solution (ref_FEM) is compared with results obtained with the reduced bear- 
ing model. We consider the following three reduced bearing variants. 


e The first reduced variant (red_var1) is the original model of Ref. (20), where 
centred hysteresis curves have been used. 

e The second variant (red_var2) is based on non-centred hysteresis curves, 
where the origin of the coordinate system for the spline generation has been 
moved -30 um in negative vertical direction (i.e. into the centre of the cycloid). 

e The third variant (red_var3) also uses non-centred hysteresis curves; add- 
itionally, the tangential elastic forces are calculated by the potential function, 
see Eq. (13). 


It should be mentioned that the spline data for the centred and non-centred hysteresis 
curves, which are required for the reduced bearing model, have been numerically gen- 
erated with the FE reference model. 


As can be seen, the non-centred bearing models (red_var2 and red_var3) show 
a good agreement with the FE reference model; the variants red_var2 and red_var3 
almost show the same results. Little larger differences are observed with the centred 
bearing model (red_var1). It should finally be mentioned that the simulation time for 
the FE reference model is approx. 66 min (one cycle), while the simulation time for the 
reduced models is less than 1 s. 
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Figure 4. A) Orbit of a prescribed journal movement b) Resulting forces in 
x- and y- direction of the reference model and the reduced models. 
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4 RUN-UP SIMULATIONS 


4.1 Run-up simulation 1 (heavy rotor) 

For the first run-up simulation, a heavy rotor with a mass of approx. 2.3 kg is con- 
sidered. The mass moments of inertia are approx. I, =Ily=7200 kg mm’, 1,=330 kg mm’. 
The imbalances at the compressor and turbine side are U.=U,=2.5 g mm, see Figure 
5a). The centre of mass is located close to the compressor bearing (Bc) so that differ- 
ent static equilibrium positions have to be used for the left and right bearing (i.e. dif- 
ferent force splines). Bump foil bearings with a larger preload are used, namely the 
heavily preloaded bearing of Ref. (7). The rotor is accelerated from 0 Hz to 1500 Hz in 
20 s. Run-ups are simulated with the reduced bearing models red_var2 and red_var3. 
Figure 5b) shows the y-displacement of the rotor at the turbine and at the compressor 
bearing. Both model approaches show almost identical results. Increased amplitudes 
in the time period from 2 s to 6 s are observed. A FFT analysis is shown in Figure 5c) 
and Figure 5d). Subsynchronous oscillations with $Q, $9 and 49 (Q =rotor speed) are 
detected resulting from the nonlinear bearing characteristic. 
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Figure 5. a) Sketch of the heavy rotor b) Rotor y-displacement at turbine and 
compressor bearing c) FFT at the turbine sided bearing (red_var3) d) FFT at 
the compressor sided bearing (red_var3). 
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4.2 Run-up simulation 2 (reduced rotor weight) 

The rotor mass is now reduced to approx. 800 g. The mass moments of inertia are 
I,=Iy=2500 kg mm’, I,=120 kg mm’. The imbalances are U.=U,=0.8 g mm. The centre 
of mass is located in the middle between the turbine bearing and the compressor bear- 
ing, see Figure 6a). Now, bump type foil bearings with a lower preload are used, 
namely the lightly preloaded bearing of Ref. (7). Two reduced bearing models are com- 
pared: red_var2 and red_var3, see Section 3. The two reduced bearing models only 
differ in the calculation of the tangential component of the elastic force part, see Sec- 
tion 2. The rotor is accelerated from 0 Hz to 2000 Hz in 20 s. 


Figure 6b) shows the rotor y-displacement at the compressor bearing for both reduced 
bearing models. The curves of both models are similar up to 13 s. Then, a sudden 
increase of the amplitude can be observed for the red_var2 model. The FFT analysis 
depicted in Figure 6c) reveals artificial oscillations with a frequency of approximately 
70 Hz. These self-excited oscillations result from the nonphysical bearing model (note 
that conservative elastic force fields are usually not enforced with red_var2). 
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Figure 6. a) Sketch of the rotor with reduced weight b) Run-up simulations 
with bearing models red_var2 and red_var3 c) FFT of red_var2. 


5 CONCLUSIONS 


An enhanced reduced model for gas foil bearings is discussed in this paper, which 
allows very time-efficient run-up simulations. Although effects resulting from the gas 
fim are neglected in this approach (especially gas film induced instabilities), the 
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model may predict rather precisely the nonlinear stiffness and friction properties of 
the foil sandwich. Hence, the model may be interesting for rotordynamic studies 
below the threshold speed of instability. Compared to a previously presented model, 
the current approach contains two modifications. While the old model is based in 
centred hysteresis curves, the new approach uses non-centred hysteresis curves. 
A comparison with a detailed FE reference solution shows the improved accuracy of 
the non-centred hysteresis model. The second modification concerns an improved cal- 
culation of the elastic part of the bearing forces, where a special approach incorporat- 
ing a force potential function is used. A numerical example clearly shows the benefit of 
this improvement: while the old model may predict physically unrealistic self-excited 
oscillations, the improved model shows correct results without artificial oscillations. 
The improved determination of the elastic force part may especially be interesting for 
the case, where measured (and not simulated) hysteresis curves are used as model 
input data. Measured data may contain larger data errors so that the detection of 
unrealistic self-excited oscillations might be more probable with the old bearing 
model. 
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ABSTRACT 


Turbochargers are increasingly used with internal combustion engines to increase 
power output, reduce fuel consumption and reduce emissions. These turbochargers 
are compact and run at speeds anywhere between 140,000 rpm to 220,000 rpm. This 
paper introduces the concepts of stable low-cost bearings for use with turbochargers. 
Based on years of analysis and testing, it is clear that misaligned bearings provide 
superior stability characteristics. Internally Skewed Bearings are introduced to be 
used in high speed applications. It is shown numerically that these bearings have 
superior stability characteristics and are suitable for turbocharger bearings because of 
their low manufacturing costs. 


1 INTRODUCTION 


Automotive Turbochargers usually use the Floating Ring bearing due to its ability to 
work under a wide range of rotation speeds, in addition to its low production cost. 
However, Floating Ring bearings like other circular hydrodynamic bearings show self- 
excited vibrations which directly appear in the form of very high noise in automotive 
turbochargers [1]. This noise by time became undesirable because automotive manu- 
facturers are seeking low vibration, no noise turbochargers. 


Instabilities in high speed flexible rotors, like turbochargers, have been described and 
elaborated in the literature, but few options are available for reducing these instabil- 
ities. Most of these options are extremely high in cost to be manufactured [1]. On the 
other hand, it was reported in the literature that the angular misalignment between 
shaft and bearing axis considerably improves the onset of instability leading to 
a stable bearing operation. We intend to exploit this feature in this paper. 


Newkirk and Lewis [2] observed experimentally cases in which the instability occurred 
at six times the critical speed. Kato et al. [3] demonstrated experimentally the effect 
of offset misalignment to improve the journal bearing stability. In their experiments, 
El-Shafei et al. [4] applied an angular misalignment to a rotor system coupling, and it 
was demonstrated that the onset of oil whip instability was significantly improved. El- 
Shafei [5] [6] speculated that this angular misalignment causes oil flow disturbances 
in the axial direction, and presented a new class of journal bearings where the bearing 
axis is intentionally skewed to improve bearing stability. Moreover, El-Shafei et.al. [7] 
were able to demonstrate experimentally the success of skewed journal bearings in 
significantly improving the oil whip instability. Muszunska [8] interpreted that loading 
the bearings improves the rotor bearing system stability by affecting the bearing 
stiffness. 


As investigated by Yu and Adams [9], they referred to the need of 16 damping and 16 
stiffness coefficients in order to study misaligned journal bearings. Nikolakopoulos 
and Papadopoulos [10] calculated linear and nonlinear stiffness and damping coeffi- 
cients for the misaligned journal bearing using an analytical developed model. They 
emphasised that the calculated linear [11] and non-linear [12] 32 coefficients are 
important in evaluating stability. Ahmed and El-Shafei [13] used the finite difference 
method in order to study the effect of misalignment in journal bearings, showing that 
shaft misalignment affects the values of force and moment stiffness and damping 
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coefficients. Saqr et al. [14] developed a computer code to solve for the coefficients of 
the internally skewed bearing and many other bearings using the finite element 
method and applied this bearing type to a rigid rotor achieving improved stability. 


Eling et al. [15] described a 60,000 rpm test rig to investigate stability of turbocharger 
bearings. Moreover, Eling et al. [16] described another 240,000 rpm test rig for the 
same investigation at high speeds. We at Cairo University have built similar test rigs to 
investigate several of the bearing concepts introduced by El-Shafei [5] through fund- 
ing from the Science and Technology Fund (STDF) in Egypt. The test rigs have been 
built, and the testing on the 60,000 rpm test rig is on-going, and confirms the analysis. 
This paper presents the numerical results for using the internally skewed plain journal 
bearing on the 240,000 rpm test rig. The results illustrate the elimination of oil whip 
throughout the speed range up to 240,000 rpm with only a 0.25° skewness in the ver- 
tical direction. 


2 INTERNALLY SKEWED BEARING MODEL 


Hydrodynamic pressure distribution in internally skewed bearing is computed by solv- 
ing Reynolds’ equation assuming a Newtonian iso-viscous incompressible fluid in lam- 
inar flow. Because such a complex geometry is difficult to be analytically solved, 
a numerical finite element method [14] is used to solve this equation. Hydrodynamic 
pressure is changing along the bearing axis, because of the non-uniformity of the 
bearing clearance such that it starts with a certain value and continues to increase or 
decrease according to the sign of the skewness angle. 


2.1 Mathematical model 

The bearing geometry is described in Cartesian co-ordinate system as depicted in 
Figure 1, where, x is the direction of rotor weight in most of applications. An angular 
skewness of the bearing can be either horizontally or vertically skewed as illustrated in 
Figure 2. Thus, ‘YW,’ and ‘W,’ are bearing angles of skewness around y and x axes, 
respectively. Assuming rotation around bearing mid plane (z - L/2), where L is the 
axial length of the pad. These angles can be positive or negative values. 
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Figure 1. Schematic representation of the bearing nomenclature. 
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Figure 2. Schematic representation of skewness angles. 


Assuming that, bearing radial clearance `c’, ‘e’ is the journal eccentricity and ‘q’ is the 
bearing attitude angle. Therefore, the film thickness ‘h’ can be computed from: 


ho = C + e cos(8 — p) + Z(yy cos 8 — Oy, sin 8) 
or 


ho = C + (ex + Z0y) cos 8 + (ey — 20x) sind 


2.2 Pressure distribution and boundary conditions 

Upon perturbation due to small amplitude whirling around the static equilibrium pos- 
ition, film thickness and pressure will be the superposition of static and dynamic terms, 
a first-order Taylor expansion of which yields the following linear approximation[17]: 


h = ho + (4X + ZAOy) cos 0 + (Ay — ZAG) sin 0 


8 
P = Po + >. Px. AX« 
k=1 


Where, Px, = oe and xk = X,Y, Ox, Oy 


Boundary conditions must be imposed in order to solve perturbed equations, there are 
two types of boundary conditions 


(a) Geometry boundary condition in which the pressure at the periphery of the 
bearing is atmospheric: 


Plo-o2 =Plz-on =9 


(b) Internal boundary condition caused by cavitation where fluid film ruptures 
and reforms. Reynolds boundary condition is applied, in which pressure and 
its gradient are set to zero maintaining continuity of flow. Reynolds boundary 
condition is written as: 

ép 
Plo- = 55 =0 


x 
ôO o-o 


Where, @ is the onset of cavitation in the circumferential direction. Moreover, film 
reformation is assumed to be at the location of maximum film thickness, i.e. 0 = 
W, and pressure is set to be atmospheric: 


Ploy =0 
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2.3 Resulting hydrodynamic forces and moments 

When hydrodynamic pressures are calculated, nonlinear hydrodynamic forces and 
moments {F} are obtained from the summation of pressure integrated over the bear- 
ing area ‘A’ bounded by the leading and trailing edges of the pressurized film. They can 
be linearized for small whirling amplitudes. 


Š — cos 0 
— sind 
{F} = | I (a +Z puar) zsng (R9 
E k=1 
—Z cos 0 


Integration of static pressure yields static forces and moments {F} which balance 
externally applied loads, whereas integration of perturbed pressures results in per- 
turbed forces and moments with respect to small displacements and velocities [18] 
[19]. The latter by definition yields stiffness and damping coefficients of the lubricant 
film necessary to determine the dynamic behaviour of a rotating journal around equilib- 
rium considering the effect of skewness. They comprise 8 force-translation coefficients, 
8 moment-rotation, 8 moment-translation coefficients and 8 force-rotation coefficients. 


Fx Fy, AX Ax 

Fy |_ J Fy dy dy 

Mo, ( TÌ Mo, (+!) 26, f + 1S 1 

Mo, Mop 20y iby 

Where, 
— cos 0 Fy, 
j — sin F, 

{Fo} = Po} (z—L)sing {P do dz = Me, 
A -= (z — 5) cos Mopo 


3 ROTOR BEARING MODEL 


3.1 Flexible rotor parameters 

The rotor is modeled as a Timoshenko beam, including rotary inertia nad shear 
deformation [20]. Gyroscopic effects are included [14]. The bearings are solved using 
the bearings code described in section 2 above. Eling [16] created a numerical model 
of the rotor-bearing system depicted in Figure 3, using floating ring bearings as rotor 
supports. This flexible rotor is designed to run at speeds up to 240,000 rpm. In this 
study, the same rotor is modelled in plain journal bearings and internally skewed bear- 
ings with a 0.25 degrees skewness angle to discuss the change in dynamic coefficients 
after the introduction of the bearing skewness. 


.25 
(Bearing 1) 15 (Bearing 2) 


Figure 3. Schematic layout of the flexible rotor (all dimensions in mm). 
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Table 1. Rotor material parameters. 


Elastic Shear 
Material Density (kg/m?) Modulus (GPa) Modulus (GPa) 


Steel 7850 210 80 


3.2 Bearing parameters 

The rotor composed of a main disk located at the centre distance between both bear- 
ings. Both bearings are lubricated with a hydraulic oil of SAE 46 grade, this oil is 
assumed to be with a constant viscosity parameter estimated from an average operat- 
ing temperature, all parameters in both bearings are almost the same except for the 
loading parameter as shown in Table 2. 


Table 2. Bearing’s parameters. 


Radial Diameter 
Bearing Load (N) Clearance (um) (mm) 


Left bearing 0.4994 20 7.5 


(non-drive end) 


Right bearing 0.4817 20 7.5 
(drive end) 


The load, as shown in Table 2, is slightly different in both bearings, however we can 
approximate that both bearings are almost the same, so we can only model one bear- 
ing. The bearing clearance influence was studied to determine the value and configur- 
ation which achieves the best stability response and possibility of being manufactured 
[14]. The optimum radial clearance is found to be 20 um. Internal skewness angle sig- 
nificantly affects the instability onset speed of the rotor system. Not only the angle 
value but also the configuration of this angle, whether positive or negative, were 
investigated. Tremendous iterations and combinations are conducted to select the 
angle of skewness, in addition to the configuration of both bearings. In this study, 
a 0.25° vertical angle of skewness shows the best stability response when it is 
modelled. 


4 RESULTS 


The Campbell diagram depicted in Figure 4, shows that there are two main critical 
speeds: one at nearly 78,000 rpm and the other at 218,000 rpm. The Campbell dia- 
grams for both the plain journal bearings model and that with internally skewed bear- 
ings are observed to be the same. The mode shapes are shown in Figure 5. 
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Figure 4. Flexible rotor Campbell diagram. 
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Figure 5. Flexible rotor Mode shapes. 


In order to clearly check the stability response of the rotor model, the journal bearing 
is modelled in three models: (i) linearized short bearing model, (ii) non-linear short 
bearing model and (iii) numerical finite element model of the journal bearing. 


Using the first model, which is the linearized plain short journal bearing model, the 
stability map for that flexible rotor model is depicted in Figure 6. It is obvious that 
there are two early unstable whirl modes, which can be also seen in the Campbell dia- 
gram below the 1X line as depicted in Figure 4. These modes correspond to the oil 
whirl modes due to journal bearing oil film flow. In fact, oil whirl modes are slightly 
observed in the rotor vibration, their vibration amplitudes depend mainly on the 
amount of rotor unbalance. The onset of these whirl modes are much earlier than pre- 
dicted by the second model, the non-linear short journal bearing model. The water- 
falls depicted in Figure 7 show that the actual oil whirl onset is nearly at 100K rpm 
which is higher than that 20K rpm whirling mode predicted by the linearized short 
bearing model, possibly due to lack of excitation. 


The linearized short journal bearing model and the non-linear model predicted nearly 
the same critical speed which is 78K rpm, however there is a slight difference in oil 
whip prediction; the linearized model predicted that the oil whip onset is to be at 
183K rpm (Figure 6) while the non-linear model shows that at its all four analysing 
positions (drive (DE) and non-drive end (NDE)), the oil whip instability onset is at 
175K rpm (Figure 7). 
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Figure 6. Flexible rotor in linearized short journal bearings stability map. 
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Figure 7. Flexible rotor in non-linear short journal bearings waterfalls. 


Using the third bearing model analysis, a finite element model for plain journal bear- 
ings, and by neglecting the oil whirl modes, it becomes clear that the fourth forward 
mode goes unstable at a speed around 183K rpm as depicted in Figure 8. This is the oil 
whip instability at which the rotor vibration matches its critical speed causing severe 
vibration which has been frequently observed [4]. 
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Figure 8. Flexible rotor in finite element journal bearings model stability 
map — showing only oil whip instability. 


The stability map for the flexible rotor with bearing 0.25 degrees vertically skewed 
bearings is shown in Figure 9. It is shown that the oil whip severe instability is totally 
vanished all over the running speed range. The bearing skewness successfully elimin- 
ated the bearing oil whip undesired instability. Here also the oil whirl modes are 
removed from the plot. 
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Figure 9. Flexible rotor in finite element vertically skewed journal bearings 
model stability map - showing only oil whip instability- at 40 °C. 


Applying a vertical skew to a flexible rotor shows that skewness has 
extremely significant effect on the dynamic coefficients. Most importantly, direct 
force-translation stiffness and damping coefficients are severely affected by 
increasing the amount of skewness [13] [14]. In addition, skewness gives rise 
to force-rotation and moment-translation coefficients whose values are compar- 
able to force-translation coefficients which in turn alters the behaviour of 
a rotor-bearing system. Moment-rotation coefficients were less significant 
[13] [14]. 


This bearing skewness is also showing promising response at extremely high temper- 
atures when investigated. According to ISO 3104, The 46 grade oil viscosity at 100 °C 
is 6.8 mm?/s then modelling the vertical skewed journal bearing at this very low vis- 
cosity value, Figure 10 shows a slight effect of the low viscosity on the instability onset 
which is relatively reduced to 232,000 rpm. However, a considerable increase in stable 
range remains in function. 
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Figure 10. Flexible rotor in finite element vertically skewed journal bearings 
model stability map — showing only oil whip instability- at 100 oC. 


The same rotor is modelled in floating ring bearings, at 40°C, in order to check 
the superiority of the new design of the vertically skewed journal bearing to be 
used in high speed turbochargers. The stability map depicted in Figure 11 shows 
that the onset instability speed of the rotor in the floating ring bearings will be 
208000 rpm. 
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Figure 11. Flexible rotor in finite element floating ring bearings model stabil- 
ity map - showing only oil whip instability. 


5 CONCLUSION 


Flexible rotor stability supported on skewed journal bearings is investigated in this 
paper. The skewed journal bearing works effectively in high speed applications elimin- 
ating the oil whip instability. It can replace floating ring bearings in turbochargers. 
This is achieved because the direct force-translation stiffness and damping coefficients 
are severely affected by increasing the amount of skewness. Bearing angle configur- 
ation is determined throughout simulations so there is an optimum configuration 
achieving better stability response, In addition to its low cost of manufacture. There- 
fore, in applications at high speeds, where skewed bearings demonstrate superior 
dynamic performance, neither load carrying capacity nor power losses shall hinder the 
introduction of skewed bearings as a potential solution to instability problems. 


Finally, test rigs are re-designed to be capable with testing more than one bearing 
type and are manufactured, so then it will be more interesting to compare the 
experimental results at these high speeds with the numerical ones presented in 
that paper. 
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ABSTRACT 


During the last years, a MATLAB® toolbox for simulation of rotating machines has been 
developed at the Chair of Applied Mechanics of the Technical University of Munich. For 
the geometry of a rotor, a 2D silhouette can be given by a simple point description. 
Then, a mesh of beam elements (e.g 1D Timoshenko) is created which are assembled 
into a MCK-model using the finite element method. In the next step, different compo- 
nents like bearings, external forces and loads (e.g. unbalance) are added to the system. 
It is also possible to add time-variant loads and nonlinear or even active components, 
e.g. magnetic bearings. Different types of analysis can then be performed, like modal 
analysis, Campbell diagrams or time integration. The whole toolbox is programmed in 
an object oriented way. The code is meant to be a research code which focuses more on 
easy architecture than on execution performance. The goal is to enable easy implemen- 
tation of new components with own methods and testing them. 


This contribution will give a short overview of the structure behind the toolbox and its 
capabilities will be highlighted. Using a real application of a test rig with active mag- 
netic bearings, the code is demonstrated and shown to give good results. For industry, 
the toolbox can be a very useful tool to make small simulations for estimating proper- 
ties of simple rotating machines. 


1 INTRODUCTION 


The value of a model has always been measured by its fidelity in relation to reality. 
A good model is able to predict a certain behavior under the given excitation as correctly 
as possible. The model should be as simple as possible, but as complex as necessary. In 
the field of rotor dynamics, there have already been many development steps from the 
simplest rigid body models to the current standard, the finite element approach. To make 
the models usable, software is an indispensable tool. In general a distinction has to be 
made between finite element analysis (FEA) software that is specific for rotor dynamics 
and software that is a general purpose FEA software having modules for rotor dynamic 
problems. A further criterion is the costs and availability of the software package. 


1.1 Available software for rotor dynamics 

Commonly used rotor dynamics software modules come with Ansys, Nastran or 
Comsol. The advantage of these software tools is their capability of modeling a rotor 
with 3D elements that allow complex geometries. With the provided user interface, 
performing a simulation is quite straight forward. On the other hand, general codes 
come with the drawback that they are often not specific enough for rotor dynamics 
and therefore unhandy to use. The major drawback is that the code is closed and user- 
specific elements are hard or impossible to implement. 


Examples for commercial, rotor dynamics specific software are Dyrobes or XLRotor. 
There are commercial software frameworks specific for rotor dynamics that are based 
on the MATLAB® ecosystem, like DYNROT and MADYN2000. This very powerful soft- 
ware allows all kinds of standard analysis types over a graphical user interface. Those 
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software are intended for use by industry. The drawbacks are the high costs and that 
the code is closed. 


Looking for open source software there is a vacuum of rotor dynamics software. Fris- 
well et al. offer a set of scripts written in MATLAB® to accompany the book [1] This 
scripts are handy for learning and teaching but they are not suited for larger projects. 
The open source script set VibronRotor is based on the Octave platform and offers 
a good basis for linear system analyses but lacks the functionality of time integration. 
In the authors view, the software structure is not suitable for more extensive experi- 
mental implementations. A very new open source software code package is ROSS 
based on the python ecosystem. The ROSS development is supported by Petrobras, 
Universidade Federal do Rio de Janeiro (UFRJ) and Agência Nacional de Petróleo, Gas 
Natural e Biocombustiveis (ANP). The framework is fully object oriented and offers 
modern plotting options. The user interaction is fully handled with python scripts. The 
first public available commit is from Dec 2018. At the moment this code lacks the pos- 
sibility of active components like active magnetic bearings. [10] The authors see a big 
future potential in this framework. 


1.2 Introduction to AMrotor 

The toolbox developed at the Chair of Applied Mechanics at the Technical University of 
Munich is called AMrotor. AMrotor is a FEA software that is highly specialized for the 
requirements of rotor system simulations and is based on the MATLAB® platform. As 
of state of today, the code does not use any MATLAB® Toolboxes which could allow it to 
run on Octave in near future. The code will be available under an open source license 
and is designed to be as flexible as possible in terms of research and teaching. There- 
fore, the code is not trimmed for speed nor has a graphical user interface. All simula- 
tions are performed using script files. Simple structures and clarity have the highest 
priority to have low barriers for beginners to implement their concepts in a fast way. 
The code is construced along the object oriented programming paradigm. The code is 
regularly verified and validated for simple systems, but it is not certified and should 
thus not be used as a certified code for designing industrial or critical systems. 


2 MATHEMATICAL DESCRIPTION 


The following section gives an overview of the used mathematical framework for the 
simulation of rotor systems with the toolbox AMrotor. The physics of rotor dynamics is 
comprehensively treated by Gasch [2], Genta [3] and Tiwari [11] to name just a few. 


2.1 Definition of coordinate systems 

At first, the coordinate system and directions have to be defined. In section 2.1 
a Laval (Jeffcott) rotor with the associated frame of reference is shown. The coordinate 
system is assumed to be inertial. The z-axis is orientated in the rotor axis and the posi- 
tive direction of rotation is around the positive z-axis. The x — y plane is located in the 
plane of the non-tilted disc. 


athe 


Figure 1. Definition of the coordinate system. 
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2.2 Rotor FEM - Timoshenko beams 

AMrotor uses Timoshenko beam elements to discretize the shaft. Compared to Euler- 
Bernoulli beam elements, they include shear stresses and thus have less rigidifying 
effects in case the beam is not very thin. In addition to shear deformations, 
Timoshenko beams include rotational inertia terms. In Figure 2 a single beam element 
is shown with its degrees of freedom (dof) on 2 nodes. 


Figure 2. Timoshenko beam element with marked dofs. 


The displacements and rotations of a node n is described by g,. The dofs of all nodes of 
the system are concatenated in a global dof-vector ggiopar: 


qı 
T 
Gn = (u Uy Uz We Wy vs) Gator = | P (1) 
dn 


Assuming the z-axis is located on the neutral axis and that the neutral axis passes 
through the shear center of the cross sections, the dofs can be divided into axial, tor- 
sional and bending uncoupled subsets with local matrices which are then assembled 
into the global matrix with so called localisation matrices. 


The axial and torsional matrices are written as axial mass M, and stiffness K4, where p 
is the material density, 4 is the cross-section area of the beam (i.e. rotor), E is the 
Young’s modulus and / is the length of the element. The torsional behavior is obtained 
similarly with J, the polar moment of inertia of a circular cross section and G the shear 


modulus. [11] 
_ pAl(2 1 _EA{1 -i 
=" (3 7 Kat (2) 
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The bending behavior of the beam element is described by the flexural mass Mg, stiff- 
ness Kg and finally the gyroscopic matrix Gg. For their formulation, two additional 
parameters are necessary. The shear correction factor and the ratio between the 
shear and flexural behavior W. 


The full equations for the matrices would go beyond the scope of this article and they 
can be read in [11] or other literature. Instead we want to show a schematic matrix 
that shows the element matrices and how they are populated. 
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In order for the simulation to reflect reality well, damping should be included. The 
code offers a classical Rayleigh-Damping approach as often used in engineering 
practice. 


C=a,*K+a,*M (4) 


The damping is computed from the stiffness- and mass matrix of the finite element beam 
model and added before any further components are added to the system matrices. 


Entry in each component matrix 
symmetric (elementwise) 12 x 12 matrix of equation: 


Mq+2Gq+Kq=f 


>sym. 


skew-sym. 


bending 


a sym. 


Figure 3. Population scheme for the element matrix. 


All in all, this results in the second order differential equation eq. (5) with the gyro- 
scopic and damping matrices combined in the matrix D. 


Mg +(G+C)Kq=h (5) 
os — 


D 


2.3 Rotor components 

Different components are implemented either with linear coefficients that are added to 
the system matrices via a localisation matrix or with a nonlinear force law that is evalu- 
ated for every time step. The local matrices MeompsCcomp:Kcomp are 6X6 matrices consistent 
with the ordering of . Three examples are used here to show the capability of the 
framework. 


Disc Significant jumps in the diameter of the cross-section (as occurring adisc is 
attached to the shaft) are modeled as ainfinite thin disc component 
(Kpise = 9,Mpise,Gpisc) attached to one node of the shaft. Modeling them as large diam- 
eter beam elements would lead to a significant increase of stiffness in that local area 
which is not true as in reality the stress flow is nearly unperturbed by the thin disc. 
This results in a nearly constant bending stiffness along the z-axis even when discs are 
attached. Using this strategy, also more geometrically complex components can be 
approximated by a disc. 
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m 0 0 0 
0 
Mbise = es Jk Gpise = 0 QJ, 0 (6) 
vA Oi 0 0 
0 J, 0 0 0 0 o0 


The parameters of the disc can be obtained by various methods. Either, an analytical 
calculation can be made for moderately complicated geometries with specific bound- 
ary conditions, or the data can be read from the CAD-system. The component can be 
modeled as completely rigidly connected to one node or with an elasticity in relation to 
the shaft node. This is done for example in [5] where the stiffness of an impeller flange 
is determined with static analyses from 3D finite element software. 


Support Bearings To model the effect of bearings, simple uncoupled, linear spring- 
damper elements can be added in the axial, torsional and lateral directions at every 
node of the mesh. Again, they are written in a local matrix form and then added to the 
global system. More advanced bearing models up to full roller bearing multi body sys- 
tems can be implemented by the user. Some advanced models of high speed ball bear- 
ings were already implemented in this environment by Wagner [12]. 


Active Magnetic Bearings To perform a modal analysis and other system analysis 
calculations, a linearized version of the system is considered for the left hand side 
(Ihs) of the equation of motion (eom). The magnetic force of an active magnetic bear- 
ing can be linearized around its center position using two linear factors [8]. One linear 
term is expressed by the stiffness coefficient (k,) for the position ux of the shaft in the 
bearing, the other linear term beeing the stiffness coefficient (k;) relating the influence 
of the current from the controller. The controller is a simple PID-controller in continous 
time-domain. Written for one direction: 


i(t) = kpux(®) ye) + kr | uy(t)dt (7) 


Including the controller into the force and additionally neglecting the integrational 
part for the linearized system gives the Ihs coefficients: 


ks + kikp ki + kp 
ks + kikp 0 ki + kp 0 


Kams = 0 Camp = 0 (8) 


During a full time integration, the non-linear force law with the discretized controller 
are fully accounted for on the right hand side (rhs). The force for the magnetic bearing 
can then be taken from any arbitrary function f(x, i’) in dependency of the position x and 
the actual current i. The function f can be obtained from a polynomial representation, 
full co-simulations or interpolated measurement data. The current i is evaluated for 
every time step according to the controller algorithm, using the actual position and the 
position before. 
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2.4 Rotor loads 

All loads are formulated as inhomogeneous parts of the ode (i.e. the right hand side). 
The loads vector is formulated in the inertial coordinate system with the same global 
coordinates as the system matrices explained in the previous section. The load vector 
is generally dependent on the state-space vector and is updated for every time step 
during time integration. To approximate the actual load step, the load is calculated for 
example using the previous state-space vector. All loads are fully neglected during 
system analysis (homogeneous) computations. In this case the user has to provide 
alinearized matrix descriptions of the components for the Ihs to obtain meaningful 
system analyses results. Rotor faults are also formulated as rotor loads. An overview 
is given in [9]. 


Unbalance One very common load to rotor systems is the unbalance. It is defined by 
its z-position, phase angle y and magnitude (U = e m). 


cos(Qt + p) sin(Qt+ p) 
sin(Qt + p) —cos(Qt + p) 
0 ; 0 
Junbalance = UF 0 + UQ 0 (10) 
0 0 
0 0 


For a constant rotational speed, the angular acceleration terms vanish. 


Forward Whirling Chirp A more sophisticated load is the whirling chirp. This 
describes a force whose direction is forward whirling in the fixed frame of reference 
around a node of the rotor. Its whirling frequency is not constant but varying with 
a chirp frequency. The cosinus chirp signal is defined as a linear ascending frequency 
S(t) =f + At with k = (fi —fo)/t1. The amplitude then writes [7]: 


x(t) = cos(2z fioa = costae | (i + kr)dt) = cos(2x(fo + k/21)t) (11) 


Where k is the rise of the linear function with f) as start frequency, fi as end frequency 
and ż, as reference time. The resulting load vector h containing the forward whirl chirp 
is then: 


cos(2x(fo + k/2t)t) 
sin(2z(fo + k/2t)t) 


hwhirlchirp =; F (12) 


oooo 


This excitation is used to generate time series results which are similar to real meas- 
urement where this kind of excitation can be applied to a rotor using an active mag- 
netic bearing. Later, modal analyses are performed using this data. 
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2.5 System analysis 
To analyze the system with different methods, it is transformed into a first order state 
space system. The gyroscopic matrix is part of , see eq. (5). 


Modal analysis The modal analysis is conducted in the homogeneous state space 
domain, i.e. no load is applied to the system. The state space is formulated in the fol- 


lowing way: 
sa (EDO DO- » 


This leads to a generalized eigenvalue problem which can be solved directly by 
common algorithms. 


—BV = AVA (14) 


The eigenvalue is described with 2, the eigenvector V is given in the state space. To 
visualize a mode shape, only the second half of the vector is of interest. 


Time integration For the time integration, the system is brought to the following 
state space form. 


prem (ae abe) JG) 


Kreutz examines the differences for integration schemes in [4]. As a rule of thumb, an 
explicit Runge-Kutta (4,5) algorithm can be used. When the system is stiff, algorithms 
based on the numerical differentiation formulas will be appropriate. 


3 SOFTWARE STRUCTURE 


The following section will describe the structure of the AMrotor toolbox and the way to 
interact with it. This is not meant as detailed documentation but more as description 
of the overall concept behind it. 


3.1 Object-oriented approach 

The code is written along the object oriented programming paradigm. Although this is 
not completely strict. The simulation itself can be conducted in the main file as proced- 
ural, interpreted code. 


3.2 Class hierarchy 

To form the classes and their relation for the code, it was natural to follow the concept 
of presenting physical components as object. The diagram in Figure 4 shows the idea 
of the class hierarchy in a simplified manner. The central object is the Rotorsystem 
which consists of individual parts, like the Rotor itself, multiple Components and 
Loads. The Components class is an abstract class as they come in many different 
forms. As an example two are listed here. Many more different types like different 
bearings (including active magnetic bearings with PID-controller) and seals are imple- 
mented. This is the place where new components can be implemented for research 
purposes. They inherit useful information from their parent class Component. 
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Figure 4. Simplified scheme of the core module of AMrotor. 


The most important method of the Rotorsystem is the ability to assemble the full 
system matrices. Thereby a distinction is made between linear and nonlinear compo- 
nents. Linear ones can therefore be assembled via localisation matrices on the left- 
hand-side of the equation (i.e. in the MCK-model). Nonlinear or controlled components 
are then added to the right-hand-side and can be dependent of the complete state 
vector. They behave finally like loads. Loads can be defined in different directions as 
constant, time variant or depending on the state vector. Finally, Sensors are added to 
the whole system. Sensors can be of various type like position, velocity, acceleration 
or force. They are used to read or calculate the output results of the simulation at spe- 
cific points on the rotor. 


As shown in Figure 5, several Experiments with the Rotorsystem-object can be carried 
out after setting up the rotorsystem. The experiments are divided in two groups of 
analysis types. Firstly, the system analysis type that is used to investigate the proper- 
ties of the left-hand-side (Ihs) of the MCK-model (i.e. the homogeneous ode). This 
results in experiments like the modal analysis, frf-calculations from and to arbitrary 
points. Of course nonlinear components that are added to the right-hand-side (rhs) 
are not considered directly in this experiments. Therefore, the user can add 
a linearized version (around any equilibrium points) of the component to the rotorsys- 
tem which is then considered. A warning is given to the user when no linearized matrix 
version of the component is found. Secondly, the group of time-integration experi- 
ments use the full ode and applies different time integration schemes to it. 
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Figure 5. Simplified scheme of the experiment module of AMrotor. 


3.3 Visualization and data output 

All the experiments that are conducted with the rotor system store their results in the 
object of the experiment. The Figure 6 shows the way to plot the results. It is possible 
to have one result plotted in different ways. Therefore, it is again useful to divide the 
visualization code from the rest of the code and only hand the objects with relevant 
information to the graphs. There are a wide range of graphs available. For simplicity 
reasons only a few are shown here. The obtained datasets (from each sensor object) 
can also be outputed to standard universal (.unv) file to exchange with other software 
for further processing. 


3.4 Simulation and configuration files 

The user parameters of the simulation toolbox is set with two files. The first file is 
a model file. The file follows regular MATLAB® syntax. Here, the properties for each 
component are set in structs. Multiple components of one type can be set as array of 
structs. The second file is the main simulation file. There, the rotorsystem object is 
built from individual components. Each component receives its properties for the con- 
structor from the associated struct. The setup of the components to the rotorsystem 
happens automatically by reading the configuration file and iterating through all avail- 
able structs. Next, an experiment object is set up and filled with the parameters. After 
handing in the rotorsystem object, the experiment can be calculated. The same strat- 
egy is applied for the graphs and the data output. Because of this code structure, it is 
possible to set up different experiments from one rotorsystem object, that can be 
computed in parallel without any difficulty. That can be very useful for doing optimiza- 
tion or parameter studies. 
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Figure 6. Simplified scheme of the graph module of AMrotor. 


4 EXAMPLE 


The application of the AMrotor toolbox is shown for an academic test rig which is used 
at the Chair of Applied Mechanics at TUM. The test rig was already used in [6] to per- 
form an experimental and operational modal analysis with only the magnetic bearings 
as excitation and measuring device. 


4.1 Experimental test rig 
In Figure 7 the design of the magnetic bearing test rig (MBTR) is shown. 


Cardanic joint AMB Laser sensor 


Displacement sensor 


Servo motor 


Bearing journal 


Rotary encoder 


Backup bearing 


Figure 7. Scheme of the magnetic bearing test rig (MBTR). 


The MBTR consists of a rotor (shaft, mass disc and bearing journals) mounted in two 
active magnetic bearings (AMB) and is driven by a servo motor. The servo motor and the 
rotor are connected via a cardanic joint. For controlling purposes, each AMB includes four 
eddy-current sensors. The disc can be extended by further masses to vary the unbalance. 
The deflection of the rotor at the position of the disc is measured by a laser sensor. 


4.2 Steps to simulate the system 

After setting up a model file for the presented system, the object for the rotor system 
can be constructed and a graph object for the 3D visualization is used to generate the 
output in Figure 8. 
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Figure 8. Visualization of the object Rotorsystem. 


The discretized rotor mesh is shown in grey, while the disc components are shown in 
blue. They represent the additional added parts (bearing journal) for the active mag- 
netic bearings and the disc in the middle. The radius and the thickness are only for the 
visualization. The simulation itself uses only the given inertia parameter. The AMB 
component is shown in orange as rings around the rotor shaft. The purple sphere rep- 
resents an unbalance at the position of the disc. The physical parameters are not dir- 
ectly visualized as it is difficult to represent the proportions in an appropriate way. The 
yellow arrow symbolizes a load vector, like the described chirp force. Finally, the green 
quiver arrows show the positions of the displacement sensors. These are the locations 
and directions for which the user will obtain displacement results after the simulation. 


Modal analysis The purpose of a system analysis is the detection of the system- 
inherent behavior without external excitation. The result of the system analysis is 
the determination of the natural frequencies and the associated mode shapes. The 
pictures figure. 9a and figure. 9b show visualizations of results of the system ana- 
lysis. In figure. 9a, the first forward mode shape of the rotor is plotted. In figure. 
9b, a Campbell diagram with the eigenfrequencies (œw) relative to the angular fre- 
quency (Q) is shown. The shown diagram is filtered to only display frequencies 
arising from lateral modes. The first mode (blue) is correlated to the first bending 
mode, shown in figure. 9a. Modes two (orange) and three (gray) are closely 
related to rigid body modes coming from the relatively soft bearing stiffness with 
high damping values. The fourth mode (i.e. the green plotted mode around 105) 
shows a strong dependency of the rotational speed. 


Time simulation The time simulation considers the active behavior of the magnetic 
bearings with a PID-controller for the position for each of the two bearings. The 
system is excited by the unbalance as depicted in Figure 8 and the whirling chirp exci- 
tation with a frequency range of 0 Hz to 250 Hz. Two different rotational speeds 0 and 
250 are considered and displayed in section 4.2. An ODE15s algorithm is used to cal- 
culate the problem. This algorithm is used for stiff problem, which typically have mul- 
tiple decaying solution components with greatly differing decaying speed. This is given 
for the shown system as the shaft is damped very weak and the magnetic bearings 
bring very high damping due to the controller. Therefore the vibration decay in the 
system can be very different. The simulation time was 1 s with a sample time of 1. The 
initial conditions are that the rotor is spinning with constant angular velocity and at 
t = 0 the two excitation force suddenly are present. 
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Figure 9. System analysis results. 


-10~4 10-4 
1 e 10-5 
= 
£ 3 
3 g 10-6 
E = i 
o 0 2 
5 z 
8 ® 10-7 
a = 
= 10-8 i 
0 50 100 150 
-1 0 1 
o Frequency f/Hz 
Position z/M 0—4 
: ; ; (b) Fourier transformation of the displace- 
(a) Displacement orbit from the disc ment in x-direction 


Figure 10. Time integration results for two different rotational speeds. 


Figure 10a shows the displacement orbit from the laser proximity measurements at 
the disc. The blue curve is only generated by the whirling excitation with increasing 
frequency. It is obvious that the unbalance starts to dominate the green curve at 
250 min“!right from the beginning. It starts at 0 deflection and is pulled by the unbal- 
ance in an angle of z/4. The excitation force is visible as small curls in the curve. The 
Fourier transformation of the time series signal shows the frequency content 
(Figure 10b). Here, the dof at which the excitation force is applied is taken as driving 
point (left magnetic bearing). Comparing to the Campbell diagram, the green curve 
reveals the additional frequency peak at the rotational speed. It is not extremely 
sharp because of the transition effects in the beginning of the simulation. Because the 
excitation force has very low energy content in the higher frequency ranges, only the 
forward whirling eigenmotion at around 110 is excited which is clearly seen from the 
Campbell diagram. 
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5 CONCLUSION 


In summary, a toolbox was outlined that can be used in research as well as for teach- 
ing in the field of rotor dynamics. One of the key elements is the 1D Timoshenko beam 
formulation that is generated by the user’s input geometry. A second building block 
are the components that can be coupled to the Ihs or rhs of the equation depending on 
the needs of the formulation. Different system analysis steps as well as time integra- 
tion experiments are possible. 


The application of the toolbox was shown with an example simulation of an academic 
test rig. This test-rig has two active magnetic bearings which are formulated in 
a linearized manner in order to perform investigations such as system analyses like 
modal analysis. Due to the rotational speed, different mode shapes are determined 
and shown in a Campbell diagram to see critical rotational speeds. Writing the mag- 
netic bearing to the rhs allowed a transient time series simulation which is then exam- 
ined using a Fourier transformation. Here, the excitation amplitude of the different 
eigenmodes can be observed. 


Future aspects that are currently under development include the implementation of 
non-symmetric rotor elements like rectangular sections. Additionally, using coupling 
mechanisms will allow to consider the flexible housing dynamics described for instance 
by its frequency response functions. 
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ABSTRACT 


For routine rotor vibration analyses and associated field troubleshooting measurement 
data analyses, linear vibration models are typically employed, justifiably so. However, 
an awareness and a basic understanding of inherent nonlinearities is a valuable asset to 
those routinely employing the linear models. Reviewed herein are nonlinear rotor vibra- 
tion phenomena and topics on which the author has worked, both in laboratory research 
and in troubleshooting operating machinery in the field. Phenomena and topics 
reviewed include (1) response to very large rotor unbalance, (2) self-excited oil-whip 
hysteresis loop with seismic or depth charge events, (3) wrist-pin bearing damage in 
a reciprocating compressor, (4) rotor impact-on-bearing coefficient-of-restitution, (5) 
self-excited pad flutter in tilting-pad journal bearings, and (6) application of determinis- 
tic chaos theory in analyzing nonlinear rotor vibrations. 


1 INTRODUCTION 


All real machine vibratory systems contain some nonlinearities. Fortunately, those non- 
linearities are usually relatively small and thus can justifiably be ignored in routine 
machinery design analyses. However, evidence of small-effect nonlinearities is still typ- 
ically exhibited in measured rotor vibration signals as exampled in Figure 1. If the stiff- 
ness and damping coefficients are all constant, the governing differential equations are 
mathematically linear. Then, if excited by a harmonic forcing function, the differential 
equation(s) of motion, e.g., Eqn. (1) for Figure 2 model, has a steady-state response 
(particular solution) containing only the excitation frequency Q, as expressed in Eqn. 
(2) for the Figure 2 one-degree-of-freedom model. 


Sub-sychronous 
Frequency 
Components 


Frequency 
Figure 1. Rotor vibration example x i SĄ 


spectrum. 
Figure 2. One degree of freedom. 
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mx + cX + kx = Fo sin Qt (1) 
x(t) = Xo sin(Qt + ¢) (2) 


However, if the stiffness and/or damping coefficients are functions of the motion, i.e., 
k=k(x) and c=c(x), then the equation(s) of motion becomes nonlinear and the steady 
state response x(t) can also contain harmonics of the forcing frequency, as exampled 
in Figure 1 for relatively small nonlinear effects. However, when the nonlinear effects 
become relatively large, a linear analysis simulation model can readily predict quite 
fallacious vibratory responses, as exampled in the next section. 


2 VERY LARGE ROTOR UNBALANCE 


The photographs in Figure 3 were first presented by Adams and McCloskey (1), 
being from two catastrophic failures in the 1970s of large 600MW steam turbine- 
generator units, Kinan No.3 (Japan) and Porsheville (France). A computational 
approach to simulate the rotor vibration response caused by very large rotor 
unbalance, e.g., detachment of last-stage low-pressure (LP) turbine blade, was 
given by Adams (2). 


(a) Low pressure (LP) 


(c) Brushless exciter shaft (d) Generator shaft 


Figure 3. Catastrophically failed 6(00MW steam turbine-generator unit, circa 
1970s. 


Clearly seen from Figure 3(a) is the LP turbine casing hole caused by the full-speed 
detachment of last stage LP turbine blades, the determined root cause of the resulting 
very large rotor unbalance. Correspondingly, time-transient simulations were com- 
puted for the LP turbine (Figure 4) to parametrically study rotor unbalance from small 
tip portion detachment up to that of the outer 1/3 of a last stage blade detachment. 
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The simulated steady state rotor vibration orbits from that study were first presented 
by Adams (2) and subsequently by Adams (7). One set of simulations modeled the 
actual fixed sleeve journal bearings (journal diameter 16 in., 40 cm). A second set of 
simulations employed 4-pad pivoted-pad journal bearings identically sized as the 
actual fixed sleeve journal bearings. The difference between the two sets of simula- 
tions is dramatic, as exampled in Figures 5 and 7. 
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A spectrum comparing the two simulation sets is shown in Figure 6, and the steady 
state journal-relative-to-bearing orbits in Figure 7 (top orbit for fixed sleeve, bottom 
for PPJB). The journal-to-bearing orbit with fixed sleeve journal bearings exhibits 
a large 1/3N dominating subharmonic component, but the journal orbit with pivoted- 
pad journal bearings (PPJB) does not. 


A heuristic view of this is that a truly linear system has closed “energy valves” that 
prevents any vibration energy from “leaking” between the various harmonics of 
a harmonically forced linear system. Correspondingly, with a relatively small 
degree of nonlinearity present, those “valves” leak a little, giving rise to a response 
spectrum as that of Figure 1, where a small amount of energy may get to various 
harmonics, (e.g.,. 1/2, 1/3, 1/4..., 2, 3, 4...). In the case of the LP turbine rotor- 
bearing system covered in Figures 4, through 7, it has a very lightly damped har- 
monic at 1,150 cpm, (close to 1/3 of 3,600 rpm operating speed) when running at 
3,600 rpm. Actually, oil whip self-excited subharmonic rotor vibration occasionally 
shows up in the field at 3,600-rpm operation with this unit. The simulation results 
in Figures 5 show that as the unbalance is increased and correspondingly the nonli- 
nearity also increased, a result the theorists call a “nonlinear jump phenomenon” 
occurs. Again heuristically speaking, as the postulated rotor unbalance is 
increased, the journal-to-bearing vibration amplitude correspondingly increases, 
which in turn increases the nonlinearity, which in turn further “opens up” the 
“energy valves” and so on, giving the observed jump phenomenon with fixed- 
sleeve journal bearings . As Figures 5 and 7(a) show, the 1/3 subharmonic partici- 
pation dominates the large unbalance vibration and bearing dynamic force for fixed 
sleeve journal bearings. 


Pivoted-pad journal bearings (PPJB) have long been employed to eliminate the oil- 
whip phenomenon for numerous types of rotating machinery. Thus unsurprisingly, the 
simulation results employing PPJBs does not yield the nonlinear jump to a dominate 1/ 
3 subharmonic. The FFT of the two configurations, Figure 6, most compactly shows 
this important comparative difference. 


3 JOURNAL BEARING OIL-WHIP HYSTERESIS LOOP 


The nonlinear hysteresis loop associated with the journal bearing phenomenon oil 
whip was for a long time an interesting topic for the academics. However, in the 
seismically active region of Japan a team headed up by Professor Y. Hori (3, 4) at 
the University of Tokyo brought the practical importance of this topic to the wider 
engineering community. This work by Hori motivated the author to research the 
topic further, Adams, et al. (5). 


A generic illustration of the journal bearing hysteresis loop is shown in Figure 8. It 
imbeds the classical oil-whip phenomenon within an expanded view that shows two 
stable vibration solutions at speeds below the small-perturbation oil-whip threshold 
speed on (i.e., a Hopf bifurcation) and one unstable solution which is a boundary 
between the two stable solutions. Adams et al. (5) demonstrate this through com- 
putation simulations of a rigid symmetric rotor supported in two identical 360° 
journal bearings which they treat as a 2-DOF point mass rotor supported in one 
hydrodynamic fluid film journal bearing. They simulate hysteresis loop examples 
covering a wide range of parameter combinations covering a static load range from 
nearly zero to high loads. They confirm their simulation generated hysteresis loop 
examples using a specially configured laboratory table top test rig. 
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Figure 8. Journal bearing oil-whip hysteresis loop. 


At vanishingly small radial static loads, a hysteresis loop does not occur and the oil- 
whip threshold speed wn is near twice the critical speed w., as is well Known. At pro- 
gressively higher bearing static loads the hysteresis loop progressively opens up 
wider, with the oil-whip threshold speed œm occurring at progressively higher 
speeds, as also well known. But the lower speed limit w,,of the hysteresis loop gets 
progressively lower, asymptotically approaching the lower limit of 1.72 times the 
critical speed œ.. The quite practical importance of this is that given a large static 
bearing load and a substantially large dynamic disturbance such as a major earth- 
quake, the large amplitude stable oil-whip nonlinear limit cycle vibration can occur 
at a rotor speed less than twice the critical (resonance) speed œ.. So while 
increased bearing static load raises the expected oil-whip threshold speed, it also 
lowers the speed above which a large amplitude oil-whip limit cycle vibration can 
occur. One can see a similarity between the hysteresis loop and the nonlinear jump 
phenomenon covered in the previous section. However, the two phenomena are not 
the same thing since the journal bearing hysteresis loop phenomenon is self- 
excited and has its own frequency, being initiated only by a large bump or transient 
ground motion disturbance such as a major earthquake. 


Khonsari and Chang (6) show the existence of a position boundary encircling the 
static equilibrium point which delineates between initial positions which die out and 
initial positions which grow to a stable large amplitude limit cycle orbit. The author 
believes they located an unstable solution locus that exists within its hysteresis 
loop. Though they do not state this, their contribution is none-the-less valuable by 
confirming existence of an unstable solution boundary between the two stable 
solutions. The complete initial-condition boundary provided by the unstable 
solution would have to be defined in the appropriate dimensioned phase space. Util- 
izing the unstable-solution locus in the position/velocity space provides evaluation 
of dynamic disturbance intensities needed to cause the stable nonlinear limit cycle 
to occur. For example, how strong an earthquake does it takes to cause that to 
happen for a given land-based system, or how strong of a depth charge does it take 
for that to happen on a critical safety related pump in a nuclear powered 
submarine. 
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4 RECIPROCATING COMPRESSOR WRIST-PIN BEARING 


The piston and connecting rod sub-assembly shown in Figure 9 is from a single- 
piston reciprocating compressor designed for use in both a home refrigerator and 
a window air conditioner. After some design improvements to this compressor 
design were implemented into production of these two refrigerant products, the 
refrigerator units started to show more than 4 times the rate of within-warranty 
compressor failures than the window air conditioner. This resulted in a multi-million 
dollar annual loss on the refrigerator product, thereby quickly getting attention of 
upper management. 


A study of several of the failed compressors clearly revealed that it was the wrist pin 
bearing that was failing. The wrist pin sleeve bearing is press fitted into the piston and 
surrounds the wrist pin which is press fitted into the connecting rod, Figure 9. That the 
refrigerator model’s compressor failure rate was over 4 times that of the air condi- 
tioner compressor mystified the manufacturer’s top compressor engineers, because 
the wrist pin bearing peak load in the air conditioner was approximately 25% higher 
than in the refrigerator. The then existing wrist pin bearing radial load versus crank 
angle is illustrated for both applications in Figure 10. 
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Figure 10. Wrist pin bearing load 


Figure 9. Piston and connecting rod 
curves versus crank angle. 


of a small reciprocating refrigeration 
compressor. 


In an attempt to uncover the root cause for the relatively large warranty failure rate in 
the refrigerator application, many different analyses and tests were conducted, sort of 
a “fishing expedition”. One of the many analyses eventually pursued was computation 
of the wrist pin bearing’s minimum film thickness within the 0-360° crank cycle. Then 
a recently new young employee (circa 1972) at the manufacture’s corporate research 
center, the author was assigned that task. The author pointed out to his supervisor 
that the nonlinear dynamical orbit of the wrist pin relative to the bearing had to be 
simulated to predict the transient minimum oil film thickness, numerically resolving 
the Reynolds lubrication (partial differential) equation at each integration time step. 
Both the air conditioner and refrigerator time-varying loads (Figure 10) were inputs to 
the author’s specially written simulation computer code, which employed a time- 
transient marching algorithm. Amazingly, the computed wrist pin orbits relative to the 
bearing, not the minimum film thickness, provided the answer to the bearing-failure 
root cause. 
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Figure 11 shows simulated wrist pin orbits from this analysis employing the Figure 
10 load curves. They clearly showed the root cause of the refrigerator compressor’s 
higher warranty failure rate. The load curves illustrated in Figure 10 show that the 
loading function for the air conditioner goes slightly negative and the one for the 
refrigerator does not, a feature that was not previously noted by the senior investi- 
gators prior to the author’s simulation. That is, in the air conditioner application, just 
a slight amount of load reversal causes the wrist pin to substantially separate away 
from the oil-feed hole that channels oil from the rod bearing through a connecting 
hole in the rod. In contrast, for the refrigerator there was no load reversal and thus 
the wrist pin did not lift off the oil-feed hole as its oscillatory trajectory clearly shows. 
Extensive subsequent endurance tests completely confirmed what the computed 
nonlinear dynamical orbits implied. That is, the refrigerator wrist pin continuously 
rubbed on the bearing over the oil hole and thereby did not cyclically separate from 
the oil hole to allow sufficient lubricant (oil mixed with refrigerant) in for the next 
squeeze film action of each succeeding load cycle. Oil was mixed with the refrigerant 
because the refrigerant loop was hermetically sealed. With the root cause uncovered 
by the author’s nonlinear dynamic analysis, modifications were then implemented to 
insure that the refrigerator compressor bearing load curve included a little load 
reversal. The high compressor failure rate ceased, once those units still “in the pipe- 
line” cleared the retailers’ stocks. Not a bad way for a young engineer to start 
a new job. 
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Figure 11. Wrist pin orbital trajectories relative to bearing. 


5 SHAFT-ON-BEARING IMPACT 


Impact is a quite nonlinear dynamic phenomenon. In Adams (7) rotor-stator rub- 
impacting is treated from the point of view as a result of excessive rotor vibration, 
and its identifying symptoms are treated. To properly simulate rotor-bearing hard 
point impact dynamic motion, there is the need for the impact coefficient-of- 
restitution value. The coefficient-of-restitution comes from experimentally deter- 
mined information. A strictly theoretical hard point impact modeling approach is at 
the limits of what modern solid mechanics analysis tools can provide. Because the 
energy loss in such hard point impacts is the stress-strain hysteresis loop energy 
within the resulting complicated internal propagating waves within the two impacting 
hard bodies. Adams, Afshari and Adams (8) configured a quite elaborate experimen- 
tal setup employing orthogonal x-y laser vibrometers to directly measure velocities 
through controlled bearing-shaft impacts. Their test apparatus is summarily 
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illustrated in Figure 12 and detailed in Adams (9). Test results obtained with this 
apparatus are presented in Figure 13, and cover wide ranges of journal speed and 
impact velocity. 


As clear from Figure 13, test results obtained with this apparatus exhibit a fairly close 
repeatable grouping of test points, which is significant considering the non-triviality of 
capturing impact velocities, even with modern sensors and data reduction methods. 
These results indicate virtually no influence of journal sliding velocity, which probably 
reflects the quite small relative impact time during bearing-journal contact. These 
results approach a maximum restitution coefficient of about 0.8 at impact velocities 
vanishingly small, and asymptotically approach a value of about 0.5 as impact velocity 
increases. 
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Figure 13. Coefficient-of-restitution values Figure 14. Measured orbit (fil- 
from bearing-on-journal impact velocity tered), Adams (7). 
measurements. 


619 


Figure 14 is a field measured journal orbit at a very lightly damped 1/2-speed har- 
monic encountered during a forced emergency coast down triggered by sudden very 
high rotor vibration. Reliable simulation of such impact events necessitates accurate 
coefficient-of-restitution data. 


6 PAD FLUTTER IN UNLOADED BEARING TILTING-PADS 


Figure 15(a) illustrates leading edge fatigue-crack damage on the statically unloaded 
top pads of a large tilting-pad journal bearing. Awareness of this problem first arose 
with routine bearing inspections during scheduled outages of large power plant steam 
turbine generator units employing large 4-pad tilting-pad journal bearings, Figure 15 
(b). Around that same time the author was simulating nonlinear rotor dynamical char- 
acteristics of a vertical-centerline canned-motor primary coolant pump, employing 
water lubricated tilting pad journal bearings, for a pressurized-water nuclear reactor. 
In that work, the unanticipated discovery was made of a previously unrecognized 
dynamical phenomenon of tilting-pad journal bearings, namely self-excited pad flutter 
of the statically unloaded pad. This discovery had a low priority to other issues with 
the pump investigation, i.e., depth-charge initiated rotor response. A few years later 
after he became a professor the author renewed research interest on this self-excited 
pad-flutter phenomenon to thoroughly study it. 
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Figure 15. Four-pad tilting-pad journal bearing loaded between bottom pads. 


Steel Pad 


Adams and Payandeh (10) present extensive nonlinear dynamical simulations for 
a single-pad 2-DOF model with simultaneous radial and pitching pad motions. 
Figure 16 illustrates this model and provides a 4-frame time sequence of a typical case 
of unloaded pad flutter. They present a tabulation of the results for several different 
pad configurations and operating parameters which provide a broad coverage of 
design and operating conditions that will or will not promote pad flutter. Their work 
provides some general conclusions on the pad flutter phenomenon. Namely, when 
a pad’s operating pivot clearance (C’) is larger than the concentric clearance (C), 
a stable static equilibrium pad position may not exist, and if not, self-excited sub- 
synchronous pad vibration will occur. The self-excited motion continuously seeks to 
find an instantaneous film pressure distribution that produces a null force and 
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moment on the pad. The base frequency of this vibration is somewhat near 0.5 times 
the rotational speed, somewhat like classical journal bearing oil whip. In fact, if one 
observes the stationary journal centerline from a reference frame fixed in the flutter- 
ing pad, the journal appears to be undergoing a closed-orbit self-excited whirling. 
Therefore, this pad flutter phenomenon is really a camouflaged version of the classical 
journal bearing oil-whip phenomenon. 


Figure 16. Simulation of self-excited motion of a statically unloaded tilting pad. 


7 CHOAS ANAYSIS OF NONLINEAR ROTOR DYNAMICS 


Using time-transient simulations, Adams and Abu-Mahfouz (11) explored several 
nonlinear rotor dynamical systems applying the chaos signal processing tools devel- 
oped in the recent era, for example as described by Moon (12). Terms identifying the 
chaos signal processing tools include (a) bifurcation diagrams, (b) fractal dimensions 
of Poincare maps, along with time based rotor orbits. One practical example Adams 
and Abu-Mahfouz present is for a 3-pad tilting-pad journal bearing with static radial 
load directed exactly into a pivot location with a moderate rotor unbalance, Figure 
17. As shown, for the 3-pad bearing with no bearing preload (C’/C=1), the static 
journal orbit is chaotic since there are two equally possible static equilibrium journal 
positions, one on either side of the loaded pivot point. Also shown of practical value 
is that with the addition of a moderate bearing preload (C’/C=0.85), the vicious cha- 
otic orbital motion disappears. 
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Figure 17. Rotor orbit with static load into pivot point of 3-tilting-pad 
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Figure 18. Poincare map of chaotic response reveals small loss in damping at 
an off-resonance condition with full-bore rub simulation. 
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Figure 18 shows the detection of a very small reduction of damping at an off- 
resonance condition. Neither the orbit trajectories nor the orbit FFTs reflect the 
small damping difference between 11% and 8% of critical damping. However, the 
fractal dimension and appearance of a Poinare map clearly do. It is only fair to point 
out that unlike an FFT, construction of a Poincare map requires coordinate data 
from several successive cycles of motion, one cycle for each dot. 


CLOSING INSIGHT 


Electrical engineering science has long been considerably imbedded in the use of 
linear-model analyses, justifiably so. In sharp contrast, chemical engineering 
science has long recognized the need for nonlinear-model analyses, such as for 
various constituent mixing processes. In mechanical engineering science linear 
models usually get the job done, however not always. Thus, the mechanical engin- 
eer may be the most likely one not to recognize when nonlinear effects are import- 
ant. Vibrations in rotating machinery is such a mechanical engineering problem 
category. 
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ABSTRACT 


An experimental field vibration measurement campaign was conducted on an engine- 
compressor system. Torsional vibrations were measured using both a strain-gauge 
based technique at the engine-compressor coupling and a rotational laser vibrometer 
at the torsional vibration damper. Package vibration measurements were simultan- 
eously captured using a number of accelerometers mounted at various locations on 
the engine and compressor casings. Findings from the study include the observation 
that the coupling/damper dominant order 1.5 torsional vibration level was higher at 
idle (c14.1 Hz) than at full speed (c19.1 Hz) and that this is likely the result of the coin- 
cidence of the first torsional natural frequency (c19-20 Hz); vibration remained within 
limits. The package vibration observed was in general within limits and displayed the 
expected behaviour when shaft speeds coincided with structural resonances. Increas- 
ing of system load was observed to result in package vibration level increase in the 
engine but reduction in the compressor and this is suspected to be as a result of the 
effect of increased damping. Induced cylinder misfire scenarios were shown to lead to 
higher vibration levels. To the authors’ knowledge, this is the first time that angular 
displacement, vibratory torque and package vibration have been simultaneously 
measured, analysed and reported in an industrial context/scenario. It is hoped that 
this contribution might, therefore, serve as a practical guide to vibration engineers 
that wish to embark on similar campaigns. 


1 INTRODUCTION 


Experimental vibration analysis has long been accepted as the most effective means 
of determining the health of rotating machinery (1), (2). Vibrations in rotating 
machinery are inevitable but their consequences extend from loss of efficiency 
through to safety-critical failures. Organisations relying on production processes 
powered by rotating machinery systems invest heavily in systems and services to 
monitor vibrational performance. Vibration velocity is generally regarded as the opti- 
mum measurement parameter, whether translational or rotational, but often assess- 
ment criteria might be specified as displacement or acceleration as well or instead with 
this choice often influenced by historical factors such as transducer availability, reli- 
ability and value proposition or data acquisition or processing options. 


Direct shaft measurements are generally more challenging than those from nearby non- 
rotating components, often requiring significant production downtime and risk manage- 
ment for setup and installation. Slip rings or telemetry required to power transducers 
and/or transfer signals to non-rotating acquisition systems require larger installation 
package space and regular maintenance (3). Inevitable aspects such as shaft run-out or 
eccentricity and whole-body vibration present challenges with proximity probe type solu- 
tions and with tachos or encoders which, in addition to the measurement of torsional 
vibration, are generally used to post-process fixed sampled frequency data as engine 
order spectra or, indeed, for resampling into the angle domain. Even more the 
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contemporary laser vibrometry (4), insensitive to shaft shape variation and translational 
vibration, is not the ideal rotating machinery transducer due to speckle noise and vibra- 
tion component cross-sensitivity challenges (5). 


This study has, for the first time, employed a range of rotating machinery applicable 
transducers and processing techniques simultaneously to better understand the links 
between torsional and package vibration characteristics for different operating conditions 
in an industrial context. Comparisons are made between torsional vibration measure- 
ments made directly from the torsional damper, using a laser vibrometer, and from the 
coupling and gearbox input shaft, using a torsional strain gauge configuration. Package 
vibrations, simultaneously captured at a series of locations on both the engine and com- 
pressor using a combination of uni- and tri-axial accelerometers mounted, are examined. 
Results are assessed, in the context of relevant industry standards/OEM guidelines, to 
understand the contributing factors towards possible excessive torsional vibration failure 
and to identify package vibration measurement locations that exhibit correlation to high 
torsional vibrations. 


2 METHODOLOGY 


2.1 Machinery arrangement and instrumentation configuration 

The system consists of a 12-cylinder gas engine and an oil-flooded screw compressor, 
the two sub-systems being coupled by a shrink disc flexible rubber coupling with 
a “2:1” gearbox (116:59 teeth) at the compressor input (Figure 1). The compressor 
male and female rotors consist of 6 and 4 lobes respectively, thereby meshing at 
a 1.5:1 ratio. Anticipated dominant vibration frequencies of the system are therefore 
at engine half orders, 1.97x (1x male rotor), 1.31x (1x female rotor), 7.86x (1x lobe 
pass frequency, LPF) and 15.73x (2x LPF). The engine is mounted onto a foundation 
via adjustable chocks at six locations with the compressor being similarly mounted at 
four locations. Compressor loading is adjusted by varying the position of a slide valve 
from fully open (0% - unloaded) through fully closed (c100% - full load). 


1* torsional mode shape — +> — 


12-cyl engine | ER | | 
iL _________Setew compressor} 


b) 


Figure 1. Machinery arrangement a) physically and b) schematically, also 
showing 1% torsional mode shape, laser vibrometer (green cross) and strain 
gauge (yellow cross) measurement locations. 


A previously commissioned torsional system dynamic analysis, utilising the model shown 
in Figure 1b, determined the first torsional mode shape as identified. The twist node 
occurs in the flexible rubber coupling while the antinode appears at the front of the engine 
near the harmonic damper. The torsional vibration measurement locations (Figure 1b and 
Figure 2) were therefore chosen to be as sensitive as possible to the drivetrain predicted 
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response, i.e. strain gauges installed at the region of highest stress, i.e. at the coupling 
nodes (Figure 2a), and laser vibrometer measurement taken at the region of greatest 
twist angle, i.e. at the damper anti-node (Figure 2b). 


b) 


Figure 2. Torsional vib. instrumentation a) strain gauges at the coupling 
spacer and gearbox input shafts and b) laser vibrometer, beams highlighted. 


2.2 Instrumentation configuration 

Torsional strain at the coupling was monitored using foil type strain gauges (HBM 350 
Q, Darmstadt Germany; (6)), which were wired in a torsional full bridge, tempera- 
ture-compensated configuration. The signals from the torsional strain gauges were 
conditioned using a torque telemetry system (Binsfeld TT10k, MI; (7)) configured with 
a 500 Hz low-pass filter and transmitter/receiver gains of 2000. Bridges were zeroed 
and shunt calibrated prior to data acquisition commencement. 


Torsional vibration at the damper was directly monitored using a rotational laser vibrom- 
eter (Polytec RLV-5500, Waldbronn, Germany; (8)). The damper surface was treated 
with a 25 mm strip of retro-reflective tape (Figure 2b) to ensure reliable optical signal 
level. Angular velocity (100 °/s/V), displacement (1 °/V) and RPM (1000 min“/V) outputs 
were captured with the RPM and tracking filters set to “Slow”. 


Package vibrations were recorded using 50 mV/g tri-axial accelerometers (Kistler, 
NY (9)) and 100 mV/g uni-axial accelerometers (CTC, NY (10)) at locations and in 
orientations as set out in Table 1. All sensors were magnet mounted to the surface 
of the selected locations with a frequency response of up to at least 1 kHz expected 
(11). The following axis convention was used: x - axial, parallel to shaft rotation 
axis; y - horizontal, perpendicular to shaft axis, z - vertical. 


627 


Table 1 . Accelerometer identification and mounting locations. 


Label Description Type Orientation 


Engine NDE Block, Above Mount - 
Male 


E2H+V Engine DE Block, Above Mount - Male Triaxial 
E3H+V+A Engine DE - Shaft Centreline Triaxial 


E1H+V+A Triaxial 


E4H Engine mid-span block - Male Uni-axial 


E5H Engine mid-span block - female Uni-axial 


Engine NDE Block, Above Mount - 
Female 


Engine DE Block, Above Mount - 
Female 


E6H Uni-axial 


E7H Uni-axial 


C1H+V+A | Compressor DE - Shaft Centreline Triaxial 


C2H+V+A | Compressor Mid-span Casing Top Triaxial 


C3H+V+A Compressor Suction Triaxial 


Compressor Mid-span Casing Female Uni-axial 


Compressor Mid-span Casing Male Uni-axial 


Compressor Male Rotor - Axial Uni-axial 


Dynamic torque, torsional vibration, package vibration and tachometer data (from the 
gearbox input shaft) were simultaneously collected via a multi-channel acquisition 
system (National Instruments cDAQ-9178/NI-9234/NI-9232; (12)). Data were col- 
lected in “raw”, voltage format with a sampling frequency of 2.048 kHz, yielding 
a maximum observable frequency of 800 Hz, and recorded to disc in .tdms file format. 
Data post-processing was subsequently implemented in MATLAB. 


2.3 Data post-processing 
Torsional strain data were converted to torque, T, through the following equation: 


T =ueJ GR (la) 


where p = 2, e = torsional strain, J = polar moment of inertia, R = radius and G = 
shear modulus (typically taken as 79 GPa for steel). A two second moving median 
filter was used to extract the static torque component from the resulting dynamic 
torque signal with this converted to steady state engine power, P (in kW), as follows: 


P = T x RPM / 9548.8 (1b) 


The dynamic torque component was extracted using a 2 Hz, 10* order Butterworth 
high-pass filter. Where data were captured during steady-state conditions, frequency 
response characteristics were investigated by applying a Fast Fourier Transform (FFT) 
algorithm to four second segments of data, yielding 0.25 Hz spectral resolution, with 
a Hann window utilised to minimise spectral leakage. Where possible and ideally during 
sufficiently slow-speed run-ups, order maps, with a minimum resolution of 0.25, were 
generated showing vibratory torque as a function of both engine speed and frequency. 
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Since the precise integration filter characteristics were uncertain, instead of using the 
available LDV output, angular displacement data were determined in post-processing 
from the LDV angular velocity output. A cumulative trapezoidal numerical integration 
technique, coupled with a 10 order Butterworth (2 Hz) high-pass filter to remove any 
integration drift (“edge effects” were ignored), was implemented. Again, for (pseudo) 
steady-state data, frequency spectra and order maps were similarly generated. 


Accelerometer signals were 10 order Butterworth (1-800 Hz) bandpass filtered with 
the resulting signal integrated for velocity, again using a cumulative trapezoidal tech- 
nique plus 2 Hz high-pass filter and edge-effects removal. Overall package vibration 
was assessed by computing the running RMS over a 5 sec period with the trend(s) 
plotted to assess severity against the relevant standard limits (13), (14). Waterfall 
plots with two averages per spectrum with 0.5 Hz resolution were generated to assess 
the dynamic package vibration at various timeframes during operation. Operational 
Deflection Shapes (ODS) were generated from both time and frequency domain data 
using ModalView (ABSignal; (15)). The former enables investigation of the package 
vibration response to transient events, e.g. load changes; the latter allows investiga- 
tion of specific dominant vibration frequencies under steady-state conditions. 


2.4 Vibration assessment criteria 

Torsional vibration assessment criteria, presented in Table 2, were derived from the 
aforementioned torsional system dynamic analysis (vibratory torque amplitude of the 
various shafts in the drivetrain) and from the engine manufacturer service documen- 
tation (angular displacement amplitude at the harmonic damper housing). 


Table 2 . Torsional vibration acceptability limits, a) vibratory torque and 
b) angular displacement. 


a) 

System Location/Condition | Nm (pk-pk) 
Front drive 13219 
Crankshaft 38626 

Input shaft 6193 

Male rotor shaft 2106 
Nominal 7002 

Warm 4201 


Engine 


Compressor 


Coupling 


b) 


Order (of engine speed) Deg (pk-pk) 
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Package vibration assessment criteria, set out in Table 3, were determined from 
a combination of the engine manufacturer, ISO 10816-6 (13) and API 619 (14). 


Table 3 . Package vibration acceptability limits, velocity-based. 


mm/s (RMS) 


Source/standard Component 
Low Alarm High Alarm 


Engine manufacturer Engine 18.0 (Rough) 26.9 (Very rough) 
ISO 10816-6 Class III | Engine 11.2 (Zone B/C) | 17.8 (Zone C/D) 
API 619 Compressor 8.0 (Concern) 12.0 (Alarm) 


3 RESULTS 


3.1 Engine performance 

The engine performance data shown in Figure 3 are typical for the system under test 
under normal running conditions. Figure 3a shows the performance for 0% slide valve 
position, i.e. unloaded, initially with the engine running at low idle (~845 rpm) and 
subsequently at high idle (~1185 rpm). Figure 3b shows the same initially but, follow- 
ing a brief period at high idle, the slide valve position is progressively increased in 
20% increments to full load. The engine achieved a power output of approximately 
560 kW during high idle (full speed, no load) conditions. An approximately propor- 
tional relationship between valve position and power output can be seen in Figure 3b 
where, at the maximum slide valve position (full load), the engine achieves a power 
output of approximately 1070 kW, closely matching its nominal power rating. 


3.2 Torsional vibration performance 


3.2.1 Vibratory torque 

Vibratory torque data at the coupling spacer and gearbox input shafts were interro- 
gated at the following running conditions: low idle, high idle and at full speed under 
full load. Figure 4a&b show example time waveforms and corresponding FFTs for the 
measured data at the coupling shaft only at low idle (a) and under full load conditions 
(b). The high idle, unloaded signals were of similar form to those observed at full load 
albeit with reduced levels and are therefore not shown here for the sake of brevity. 
Similarly, the corresponding signals for the gearbox input shaft, which only show dif- 
ferent levels again, are not shown. The FFT representation indicates a dominant fre- 
quency at order 1.5 with associated half order harmonics. At low idle, the order 1.5 
peak was particularly pronounced whereas at high idle through to full load this domin- 
ance was reduced with the order 1 peak becoming increasingly significant as shown in 
the order map of Figure 4c and as highlighted by the arrow. 
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Figure 3. Typical engine performance a) low and high idle and b) low and 
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Figure 4. Vibratory torque at the coupling spacer a) at low idle, b) for full 
load and c) order map (0.25 res.) for no-load run-up; note order 2.5 peak. 
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The presence of an additional peak at about 19-20 Hz in the low idle FFT (see high- 
lighted region in Figure 4a), suggests that there may be a torsional resonance within 
this range. The presence of the first torsional natural frequency coinciding within 19- 
20 Hz would explain the higher vibratory torque response at low idle versus at high 
idle. This is shown in Table 4 which captures the vibratory torque response for both the 
coupling spacer and gearbox input shafts at the three running conditions (gearbox 
input under full load N/A due to loss of data). Despite this, with respect to Table 2a, 
the system was operating within vibratory torque limits in all cases. 
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3.2.2 Angular displacement 

Specific regions in the data were interrogated to extract the torsional vibration in the 
form of angular displacement (“position”) at the damper housing, under the following 
conditions: low idle and high idle; various slide valve positions up to (almost) full 


load; and inducing up to two cold cylinders in the engine followed by varying the slide 
valve positions. Example torsional vibration FFT data at the harmonic damper are pre- 
sented in Figure 5. Upon reviewing all data, it was determined that, during normal 
operating conditions, the angular displacement responses at orders 0.5 and 1.0 were 
below the limits. The response at order 1.5 was again dominant and approached the 
acceptability limit of 0.3 deg pk-pk under some conditions, as shown in Figure 6. 


Table 4. Vibratory torque response at coupling spacer and gearbox input. 


Torque (Nm pk-pk) 

Speed (RPM) | Condition | Coupling spacer Gearbox input 
845 Low idle 3791 4485 

High idle 
Full load 
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Figure 5. Angular displacement at the damper at a) low idle, b) under full 
load, c) with two cold cyls. at high idle and d) with one cold cyl. at full load. 
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Figure 6. Order peak values under normal operating conditions. 


The effect of cold cylinders can also be seen in Figure 5c&d with Table 5 summarising the 
angular displacement response under all running conditions. A significant increase in 
order 1.5 vibratory angular displacement of approximately 75% can be observed as one 
cold cylinder was induced. When a second cold cylinder was induced, an increase of 
approximately 220% results. In addition to the order 1.5 changes, the increased signifi- 
cance of the order 0.5 and 1 peaks is evident as shown in Figure 5c&d, with the order 1 
peak becoming dominant in both cases. While running with two cold cylinders under 
loaded conditions was not performed following a risk assessment, based on these find- 
ings it is likely that the vibratory angular displacement with two cold cylinders under load 
would result in levels beyond the acceptability limits at 1.5, if not also at other orders. 


Table 5 . Angular displacement response at damper housing at order 1.5. 


Speed (RPM) | Condition Deg (pk-pk) 
845 Normal, unloaded (low idle) 0.19 
1185 Normal, unloaded (high dle) 0.12 
1185 Normal, 20% slide valve 0.14 
1185 Normal, 40% slide valve 0.15 
1185 Normal, 60% slide valve 0.16 
1185 Normal, 80% slide valve 0.17 


Normal, 98% slide valve 


2 cold cylinders, unloaded 


1 cold cylinder, unloaded 


1 cold cylinder, max slide valve 
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3.3 Package vibration performance 


3.3.1 Overall vibration 

Example velocity running RMS example trends plotted against the relevant acceptabil- 
ity limits during operating conditions such as that shown in Figure 3b are presented in 
Figure 7. It can be observed that, in general, the vibration of the engine increases 
along with compressor loading while the opposite is true for the compressor, with the 
lowest vibration levels seen during full load. A summary of the overall package vibra- 
tion under the steady-state, full load operating condition is presented in Table 6. The 
system was operating within limits at all locations. 


A > 


RMS} 
vs - RMS] 


200 400 600 800 100 


000 1200 1400 1600 1800 
Time [s] a) 


Figure 7. Example package vibration RMS at a) Engine drive end and b) Com- 
pressor male rotor. 


Table 6. Overall package vibration velocities under full load. 


mm/s (RMS) 

Axial Horizontal | Vertical 
Ai 2.5 5.7 3.6 

A2 4.8 2.3 

A3 ; 8.4 5.6 


Location 
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3.3.2 Waterfall analysis 

A summary of the natural frequencies identified from waterfall plots, examples of 
which are shown in Figure 8 again for the engine and compressor, is presented in Table 
7. The natural frequencies were identified by looking for signs of amplitude amplifica- 
tion during the run-up phase. The excitation source and dominant direction for those 
natural frequencies were also identified. From the table summary, all of the natural 
frequencies coinciding with a dominant excitation source showed sufficient separation 
margin of greater than 10%. 


A 


‘Velocity (mm/s - RMS] 


Velocity [mm/s- RMS] 


s% 
Speed [RPM] 


Frequency [Hz] a ) , ` Frequency [Hz] b) 


Figure 8. Example package vibration waterfalls for no-load run-up at a) Eng. 
Drive End - Shaft Centerline (axial) and b) Comp. Male Rotor - Axial. 
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3.3.3 Effect of increasing load 

In general and as expected, the engine vibration at dominant frequencies increases 
with increasing valve position. The engine vibration showed an increase in half order 
harmonics, particularly at orders 1.5, 2.5, 3.5, 4.5 and 6 (Figure 9a). The trend at 
those frequencies was also seen in the torsional vibration data, measured both by the 
strain gauges and the laser vibrometer, the latter as shown in Figure 6 and summar- 
ised in Table 5. It can be deduced that the engine vibration is directly correlated to the 
amount of loading imparted by the driven machinery. Meanwhile, the compressor 
dominant frequencies were found to decrease with increasing valve position, particu- 
larly at the lobe pass frequency (LPF) and harmonics as shown in in Figure 9b, again 
consistently with the torsional vibration. It can be hypothesized that loading of the 
screw compressor creates a damping effect on LPF related vibration. 


3.3.4 Effect of cold cylinders 

Investigation of the effect of inducing cold cylinders on the package vibration showed 
that the most sensitive location to detect an increase in torsional vibration in the 
engine through the monitoring of package vibration, was at the non-drive end of the 


A 


Figure 9. Example package vibration waterfalls for increasing load (20-98% 
slide valve), a) Eng. Non-Drive End and b) Comp. Male Rotor. 
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engine (i.e. at the front of the engine) in the horizontal direction. A similar observation 
was made of the compressor vibration spectra at the drive end - horizontal (gearbox 
input). This is to be expected since this shaft is physically coupled to the engine crank- 
shaft. All other locations across the compressor casing did not show any significant 
changes upon inducing of cold cylinders, indicating that they are less sensitive to the 
torsional vibrations of the crankshaft system. 
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Figure 10. Example package vib. order map (0.1 res.) for cold cyls. at Eng. 
Non-Dr. End; note incr. at orders 1.5 and 4.5 upon inducing two cold cyls. 


Table 8 . Example package vib. vels. for cold cyls. at Eng. Non Dr. End. 


mm/s (RMS) 


Normal, 
unloaded 


2 cold cylin- 
ders, unloaded 


1 cold cylinder, 
unloaded 


1 cold cylin- 
der, full load 


1.3 


2.2 


1.6 


2.0 


2.3 


2.3 


1.6 


1.8 


3.0 


3.6 


3.2 


3.3 


As shown in Figure 10, significant differences in the order 1.5 (c29.5 Hz), 3.5 (c69 Hz) 
and 4.5 (c88 Hz) frequencies occur upon inducing a cold cylinder. The results are sum- 
marized in Table 8 with the observation also in general agreement with the corres- 
ponding trend in torsional vibration data presented previously. It is postulated that the 
non-drive end of the engine is most sensitive to changes in torsional vibrations 
because of the presence of a torsional antinode or point of maximum vibratory twist at 
the damper housing as set out in section 2. Monitoring the trend of these vibrations 
could be an appropriate method of correlating package vibration to torsional vibration. 


4 CONCLUSIONS 


This paper has comprehensively reported an industrial vibration measurement cam- 
paign on an engine-compressor package, employing simultaneous measurement of 
torsional and package vibration. Significant insights into the preparation of the 
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instrumentation, data acquisition and processing, in the context of the expected 
nature of the vibratory performance and documented limits of the system, have been 
detailed. The interaction of driven frequencies and structural resonances has been 
described in the context of an order 1.5 dominant peak and the first torsional natural 
frequency that were shown to lead to higher vibration at low vs. at high idle. The 
assessment and correlation of torsional and package vibration frequencies and levels, 
for increasing load and for induced cold cylinders, was presented. Finally, recom- 
mendations are made for the location (non-drive end of the engine and drive end of 
the equipment) and interpretation of package vibration measurements for the evalu- 
ation of torsional vibration. It is proposed that, in place of costly and time-consuming 
vibratory torque measurements, package vibration and/or rotational LDV measure- 
ments can reliably assess torsional vibration in an industrially valid context. 
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